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I. INTRODUCTION 
Progress in plant breeding depends on genetic variability 
existing in the plant population. If genetic variability is 
not present in the population, effective selection will not 
be possible. Thus, after the performance of varieties in a 
crop species has attained a certain level of improvement, plant 
breeders must seek new sources of genes or hereditary com­
ponents in order to make further advances. Exotic germplasm 
and plant introductions have been used in several crop species 
as sources for increasing genetic variability upon which 
selection can operate. 
Miller (1968) and Stephens et al. (19p7) indicated 
that sorghum (Sorghum bicolor {L=) Moench) varieties and hy­
brids grown in the United States represent only a small por­
tion of the diversity existing in sorghum species. The 
varieties grown do not include types that have been selected 
for use as human food, nor have they been selected for superior 
nutritional quality. Consequently# sorghum breeders in the 
United States are devoting increased attention to exotic 
sorghums in attempts to improve quality, as well as genetic 
variability, of the U.S. sorghums. The incorporation of 
exotic types into the present breeding populations also is 
expected to enhance heterosis because of the greater genetic 
diversity. Most sorghums from the tropics, however, produce 
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excessive vegetative growth and exhibit delayed floral 
initiation when grown in the long-day photoperiods of the 
midwest. The tropical sorghums can be changed into varieties 
that will mature in temperate zones by a conversion procedure 
whereby dominant alleles for lateness are replaced by re­
cessive alleles. The conversion program was undertaken 
cooperatively in 1963 by plant breeders located at the 
USDA's Federal Experiment Station, Mayaguez, Puerto Rico 
and the Texas Agricultural Experiment Stations at Chilli-
cothe and Lubbock. More than 120 converted lines and about 
40 bulk populations have been released and are being used by 
sorghum breeders to augment the genetic variability of 
existing breeding populations. 
The objectives of my study were to evaluate the per­
formance of a group of converted (R) lines that were selected 
from materials released through the Sorghum Conversion Pro­
gram for: (1) combining ability effects for grain yield and 
its primary components, (2) amount of heterosis and hetero-
beltiosis expressed for grain yield and its primary com­
ponents, (3) correlations between grain yield and its pri­
mary components and among all agronomic traits measured, 
and (4) types of genetic effects manifested in the inheri­
tance of grain yield and its primary components. Knowledge 
gained in relation to these objectives should help pro­
vide a clearer understanding of the inheritance of these 
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traits, and should be useful in determining the breeding 
procedures most appropriate for effective utilization of these 
lines in a sorghum improvement program. 
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II. LITERATURE REVIEW 
A. Heterosis 
Manifestations of hybrid vigor have been observed for 
nearly two centuries by plant breeders. It was not until the 
early part of this century, however, that the modern concept 
of hybrid vigor was described. Shull (1914) first proposed 
the term "Heterosis" to describe the developmental stimulation 
resulting from the union of different gametes which brings 
about the superiority of the hybrids over their parents. The 
terms heterosis and hybrid vigor are synonymous and often are 
used interchangeably. 
Heterosis in maize has been subjected to thorough and 
extensive study for many decades. Hybrid vigor resulting 
from crosses of maize varieties was first reported by Beal 
(1880). Richey (1922) presented a summary of 244 reported 
comparisons between parental varieties and their crosses 
as a sample of the results obtained to that time. His sum­
mary showed that 82% of the crosses exceeded the parental 
average, with 56% exceeding the higher yielding parent. 
Leng (1954) evaluated 92 single-cross hybrids of maize and 
found that yield of the hybrids ranged from 145 to 292% 
of the higher parents, with a mean for all hybrids of 211%. 
In general, a smaller expression of heterosis has been 
observed in selfed as opposed to cross-pollinated species. 
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Heterosis was observed in wheat near the turn of the century, 
when Freeman (1919) found that the F^'s from crosses involv­
ing durum and common wheats equalled or were superior to the 
mean of the parents in vegetative vigor. Briggle (1963) 
presented an extensive review of the literature on 
heterosis in wheat. Although many experiments have measured 
heterosis in wheat, the use of small populations and spaced 
plantings generally has placed limitations on applicability 
of the results to commercial practice. Several studies have 
demonstrated significant heterosis for grain yield in wheat, 
both in space-planted and in close-planted experiments 
(Briggle et al., 1967a; Briggle et al., 1967b; Brown et al., 
1966; Knott, 1965; Kronstad and Foote, 1964; McNeal et al., 
1965; Wells and Lay, 1970). More recently, Amaya et al. 
(1972) reported evidence of heterosis for grain yield in 
wheat crosses under conventional close-planting conditions. 
The hybrids exceeded their high-yielding parents by an 
average of 25%. The expressions of heterosis, however, 
varied widely among environments. 
Widner and Lebsock (1973) evaluated a diallel cross in= 
volving ten durum wheat parents that encompassed a broad 
range of genetic diversity. Percentage heterosis for 
grain yield, based on means of the higher parent of each 
cross, ranged from -19 to 84% for the F^'s and -23 to 26% 
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for the Fg's. Of the 45 hybrids,17 exhibited significant 
heterosis for yield, but none was significantly higher than 
the check variety. Wells. 
Heterosis in oats has been measured in a manner similar 
to that for wheat. Most studies have been based on small 
numbers of space-planted hybrids, and they may not provide 
accurate estimates of heterosis for plants grown in competi­
tive stands. Jensen (1961) presented a review of the 
literature on heterosis for grain yield in oats. High levels 
of heterosis for yield have been reported from several studies. 
Petr and Frey (1967) evaluated yield and other characters in 
the F2 and Fg generations of 15 oat crosses in space-planted 
nurseries. Grain yields in the F^^ generation ranged from 101 
to 130% of the better parents, with a mean for all crosses 
of 112%. Some of the Fg's outyielded the higher parent and 
the mean of "2 yields, relative to the higher yielding 
parents, was 99%. Jenkins (1969) reported that heterosis 
for grain yield of 36 different F^ hybrid populations of oats 
ranged from 68 to 139% and averaged 109% of the better parent. 
Heterosis was reduced appreciably, however, in the F2 genera­
tion. Crosses of Avena byzantina x A. sativa displayed more 
heterosis than did the crosses of A. sativa x A. sativa. 
Hathcock and McDaniel (1973) measured heterosis in 
seven oat crosses involving ten parents in relatively close-
planted stands at two locations. At one location the F^ 
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hybrids showed grain yields of 106 to 205% and at the other 
94 to 230% of the better-yielding parents. Generally, 
heterosis for grain yield per se was greater than the hybrid 
vigor shown for individual grain-yield components. Grain 
yields were reduced markedly in the generation. 
Inaner (1941) presented data obtained from hybrid 
populations of barley which showed that only one hybrid 
of six studied yielded significantly more than the better 
parent. However, the mean for all hybrids exceeded the paren­
tal average by 8% for heads per plant, 11% for seeds per head 
and 5% for seed weight. These values resulted cumulatively 
in an increase of 27% for total yield per plant. Suneson 
(1962) evaluated the performance of three barley varieties 
by using diallsl hybrid combinations that featured high pro­
ductivity and wide genetic diversity. Grain yield in dif­
ferent hybrids was increased from 30 to 50% over the best 
parents. Upadhyaya and Rasmusson (1967) evaluated eight 
parental varieties and 28 possible F^ and F^ populations. In 
the generation the average increase for yield was 21% 
above the mid-parent mean. The average inbreeding depression 
for yield in the F^ generation was 26%. 
Several investigators have demonstrated that certain 
sorghum crosses produce extremely vigorous hybrids. Conner 
and Karper (1927) were among the first to provide evidence 
that sorghum hybrids surpassed their parents in grain yield 
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and plant height. Karper and Quinby (1937) reported large 
increases in plant height, forage production, and grain 
yield in certain hybrid combinations. Plant heights and 
forage and grain yields in excess of the totals of both 
parents were obtained in crosses of Blackhull Kafir x 
Hegari, Dwarf Yellow Milo x Blackhull Kafir, and Hegari x 
Dwarf Broomcorn. Crosses between inbred lines of Blackhull 
Kafir, however, displayed only slight increases in forage 
and grain yields. 
Bartel (1949) reported on the expressions of heterosis 
among 19 sorghum hybrids involving lines that differed 
genetically for height and maturity. Sixteen hybrids had 
grain yields in excess of their mid-parent values and all of 
the hybrids were taller than the mean heights of their 
parents. Stephens and Quinby (1952) showed that, over a 
six-year period with April plantings, and an eight-year period 
with June plantings, the average grain yield of a sorghum 
hybrid involving male-sterile Texas Blackhull Kafir and Day 
selection was higher than that of any of the commercial 
variety checks. Quinby et al. (1958) compared eight hybrids 
and their parents and found that the hybrids produced 38% 
more grain, and they were 2.4 days earlier and 2.5 inches 
taller than the mean of the parents. 
Extensive studies of heterosis for grain yield and other 
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characters in sorghum were conducted by Kirby and Atkins 
(1968). They crossed four male-sterile lines with six 
fertility restorer lines to produce 24 hybrids that were 
evaluated for grain yield, and for several vegetative and 
mature plant characters. Yields of the hybrids ranged from 
106 to 147% of the mean of their parents, with art average 
of 122%. Heterosis also was expressed by the hybrids in 
more rapid vegetative growth and leaf development, longer 
and wider leaves, earlier blooming, more seeds per plant and 
per head, larger seed, and increased number of heads per 
plant, 
Kambal and Webster (1966) produced 190 grain sorghum 
hybrids by crossing 10 male-sterile lines with 19 fertility 
restorer lines. The hybrids averaged 20% higher than the mean 
of their parents in grain yield. Collins and Pickett (1972) 
evaluated 46 hybrids that were obtained by crossing 12 
male parents representing the diverse types found in the 
World Sorghum Collection onto four adapted male-sterile 
lines. Most of the hybrids had grain yields superior 
to either parent, but only four displayed heterosis for per­
centage protein and none was superior to either parent for 
percentage lysine. 
In general, heterotic manifestations in sorghum hybrids 
include earlier blooming, greater height, more tillering, 
heavier seed, and higher grain yield than the parents (Bartel, 
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1949; Kirby and Atkins, 1968; Quinby, 1963; Stephens and 
Quinby, 1952). The yield advantage of the hybrids over the 
parents results primarily from increased number of seeds per 
head (Beil and Atkins, 1967; Blum, 1970; Kambal and Webster 
1966; Kirby and Atkins, 1968; Niehaus and Pickett, 1966; 
Quinby, 1963; Quinby, 1970; Whitehead, 1962; Wing, 1961). 
Heterotic responses of the hybrids also have been found 
associated, to a lesser extent, with increases in seed size 
(Kambal and Webster, 1966; Kirby and Atkins, 1968; Malm, 
1968; Niehaus and Pickett, 1966). Liang et al. (1969), 
however, reported a negative correlation between grain yield 
and kernel weight. Liang et al. (1972) evaluated a five-
variety diallei cross and found negative heterosis for kernel 
weight. 
B. Creation of Genetic Variation by Using 
Exotic Germplasm 
After available sources of genetic variation have been 
exploited, a breeder must create new reservoirs of genetic 
variation upon which selection can operate. Artificially 
induced mutations have been used to a limited extent to 
obtain diversity, but the most widely used method of creating 
genetic variation is the incorporation of genes from intro­
duced strains through hybridization. Harlan (1966) sug­
gested that the utilization of plant introductions should 
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prove a valuable means for maintaining genetic variability 
in populations of crop species. Populations derived from 
crosses involving exotic strains, however, are expected 
initially to lack the adaptability of endogenous varieties. 
Therefore, the successful use of these populations depends 
on the ability of the plant breeder to recognize the better-
adapted segregants that occur in the progeny of hybrids. 
Allard and Hansche (1964) have suggested a method for 
managing hybrid gene pools. Following hybridization between 
an adapted variety and an introduced variety, the population 
is divided into a large number of families, and selection 
is practiced between and within families for a number of 
generations. The best surviving family then is crossed with 
either a sibling family, or with a surviving family from a 
similar hybrid, or with a second locally adapted variety to 
start the next cycle. Genetic variation also can be created 
by crossing one or a few locally adapted varieties to a 
number of exotic varieties and combining the hybrids into a 
single composite gene pool. This pool can then be separated 
into a large number of families, and selection can be 
practiced between and within families? or the gene pool may 
be retained as a composite and selection can be practiced 
by using the bulk population method. 
Efron and Everett (1969) suggested that for a cross-
fertilizing species, like maize, a series of crosses can be 
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made by hand between adapted and exotic lines. The hybrid 
plants then are grown as a composited population and allowed 
to intercross at random. With self-fertilizing species the 
convergent cross, proposed by Harlan et al. (1940), provides 
opportunity for recombination of genes from many lines. 
For this method, available parents are crossed in pairs to 
produce a number of hybrids, then further paired crosses 
among these hybrids are made until a single hybrid is ob­
tained. This method was modified by MacKey (1963) to pro­
vide more opportunity to retain the good gene complexes and 
combinations already present in the current elite adapted 
varieties. With his method, each unadapted parent would be 
crossed to an adapted strain of the species before it was 
used in the convergent cross. 
Several investigators have demonstrated the value of 
using exotic germplasm in maize breeding programs. In 
1956, Wellhausen predicted that in the next 20 to 30 years 
yielding capacity of corn in the United States would in­
crease by 30 to 50%, solely through the use of exotic 
germplasm. Moll et al. (1962) evaluated crosses involving 
two varieites from each of three geographical regions? south­
eastern United States; Midwestern United States; and Puerto 
Rico. The average yields of within-region and between-
region crosses were 104 and 124% of the mid-parent value, 
respectively. This suggested that divergent crosses may 
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have potential utility in yield improvement in spite of poor 
local adaptation of varieites from distant sources. Moll 
et al. (1965) showed that the relationship of high heterosis 
with increased genetic divergence did not hold throughout 
the entire range of diversity that he sampled. Extremely 
divergent crosses result in decreased heterosis. They at­
tributed this to genetic imbalance in hybrids between 
extremely diverse populations. 
Goodman (1965) evaluated two maize populations; one was 
the Corn Belt Composite (a composite of ten adapted in­
bred lines), and the other the West Indian Composite (a 
composite of the same inbred lines plus six exotic varieites). 
He found that the estimates of genetic variance for all char­
acters in the West Indian Composite were greater than those 
in the Corn Belt Composite. The expected gain from selection 
also was estimated to be greater in the West Indian Composite. 
Most sorghums from tropical areas are exceptionally tall 
and fail to flower when grown in a long-day photoperiod. 
Therefore, they cannot be evaluated adequately for many quan­
titative traits. These alien sorghums, however, possess 
many qualities that could contribute substantially toward 
improving yield and other characters of present .American 
sorghums. In 1963, a program was formulated to convert 
alien sorghums from the World Collection into short, early 
maturing types that would be usable directly by sorghum 
14 
breeders in temperate areas. As described by Stephens et. 
al. (1967) , the program involved making a series of crosses 
and backcrosses during the fall and winter seasons in Puerto 
Rico, and selecting short, early genotypes from segregating 
populations grown during the intervening summers under 
long days in Texas. The alien sorghums were used as male 
parents in all crosses and backcrosses except the last 
backcross, when the alien line was used as the female so that 
the converted line would be returned to its original cyto­
plasm. Four cycles of backcrossing and selection were re­
quired. Thus, the primary goal was to develop an earlier 
and shorter version of each exotic line that would be as much 
like the original line as a cross and four backcrosses ac­
companied by selection would permit. According to Eberhart 
(1970), the first group of fully converted BC^ lines was 
released in 1970. These lines are fertility restorers or 
partial restorer (R) and represent mainly the ZeraZera, 
Caudatum, Durra, and Conspicuum species sub-groups. From 
this program temperate-zone, selected bulks of each con­
verted line also have been released. Each of the bulk popu­
lation was produced by compositing seed from several diverse 
plants selected from the segregating population following 
the fourth backcross. In addition to the lines just described, 
40 bulk populations of partially converted lines were re­
leased in 1969. These bulks were produced by compositing 
15 
seed from two to seven partially converted sublines (BC^, BCg 
or Fg) within a line. These 40 bulk populations were released 
because they showed yield potential and would provide sorghum 
breeders an opportunity to select for disease resistance 
and other traits. 
Johnson et al. (1973) evaluated 60 lines selected from 
the Sorghum Conversion Program for midge (Contarina sorqhicola 
(Coquillett)) damage. They found that 38 of the lines had 
lower midge-damage ratings than any of the cultivars obtained 
from sorghum breeding programs in the United States, None of 
the U.S. cultivars were highly resistant and all had over 60% 
seed damage. 
Niehaus and Pickett (1966) evaluated heterosis and 
combining ability effects by making a diallel cross among 
eight sorghum lines. Five lines were selections from adapted 
varieties or derivatives Ox crosses between adapted varieties. 
The other three parents were recent introductions. Their re­
sults indicated that heterosis and general combining ability 
effects were the highest in the F^ hybrids that involved a 
recent introduction as a parent. Also, crosses involving 
geographically diverse parents usually produced the highest 
yielding hybrids. 
Malm (1968) crossed four widely used male-sterile lines 
(Redlan, Martin, Wheatland, and Combine Kafir 60) with eight 
fertility restorer lines developed from African introductions 
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that originated in Ethiopia. The four male-sterile lines 
also were crossed with Combine 7078 to produce a set of check 
hybrids. Results from a two year experiment indicated that 
four of these male parents produced hybrids that significant­
ly outyielded the check hybrids. 
Eckebil (1974) evaluated 200 families derived from 
each of three random mating sorghum populations. The first 
population, NP3R, was developed from crosses involving 30 
fertility restorer lines that have been used as male parents 
of commercial hybrids in the United States, The second popu­
lation, NP5R, was derived by compositing seed from crosses 
between the 30 constituent lines of NP3R and 107 R-lines 
of exotic materials whose derivation traces to the Conversion 
Program. The third population, NP7BR, is a sub-population 
developed from KPIBR, a broad-based population of 218 B and 
R lines. In the latter population 30.7% of the lines are 
forage types and the remaining are grain type sorghums. The 
results indicated that NP3R had a higher mean for grain 
yield than the other two populations? 61,5 q/ha compared to 
56.5 for NP5R and 57.2 for NP7BR. The protein content in 
NP5R (11.4%) was significantly higher than in NP3R (11.1%) 
and NP7BR (10.9%). Genetic variance estimates among fami­
lies were the highest in NP5R for all traits except protein 
percentage and lodging. 
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C. Gene Action and Combining Ability 
Expression of hybrid vigor and inbreeding depression in 
sorghum provides evidence for the occurrence of non-additive 
gene action. The degree of inbreeding depression observed 
in studies with sorghum has been related somewhat to the 
amount of heterosis expressed, with the greatest inbreeding 
depression occurring for grain yield (Atkins et al., 1968; 
Liang et al., 1972; Niehaus and Pickett, 1966). 
According to Falconer (1960) heterosis at one locus is 
a function of both dominance and the square of the difference 
of gene frequency between two strains at that locus. With 
multiple loci, functions of dominance type of epistasis also 
are involved. Hayman (1958) developed a model to separate 
additive, dominance, and epistatic effects. With his model, 
various gene effects are equated to the means of F^, F^, 
backcross, and other generations derived from two inbred 
lines. By the use of simultaneous solution the value of each 
parameter can be obtained. Gamble (1962) used a method simi­
lar to those described by Hayman (1958) and by Anderson and 
Kempthorne (1954) to obtain parameters for various gene ef­
fects for yield in maize. He concluded that dominance gene 
effects were quite important in the inheritance of yield. 
Estimates of additive gene effects were of low magnitude. 
Epistatic gene effects were considered more important than 
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additive gene effects. 
Evidence of epistatic gene effects can be obtained by 
comparing the average performance of single crosses vs. 
three-way crosses, three-way crosses vs. double crosses, and 
single crosses vs. double crosses. Bauman (1959) separated 
lines of maize into groups of three, designating one of the 
three as the tester. The average of the two single crosses, 
A X tester and B x tester, were then compared with the 
three-way (A x B) x tester. He suggested that the test pro­
vides a minimum estimate of epistasis since the tester geno­
type may mask or cover up some epistatic alleles in the 
single cross. Sprague et al, (1962) produced all possible 
single and three-way crosses, disregarding reciprocals, among 
six inbred lines of maize. The mean of three single crosses 
(1x2, 1x3, and 2x3) was then compared with the mean of 
three 3-v;ay crosses involving the same set of inbred lines 
[(1x2) X 3, (1x3) X 2, and (2x3) x 1]. Significant 
differences in average performance indicated inter-locus 
interaction. 
Eberhart and Gardner (1966) developed a general model 
for the estimation of fixed genetic effects. Parameters were 
defined for additive, dominance and additive by additive 
epistatic effects assuming diploid inheritance. The model 
can be used to characterize the means of a fixed set of 
varieties, variety crosses, and other entries obtained from 
19 
these varieties and variety crosses. Starks et al. (1970) 
used Eberhart and Gardner's (1966) model to evaluate genetic 
effects for shoot fly resistance in a six-cultivar diallel 
cross of sorghum, including reciprocals. They found that 
additive gene action contributed most to the variation among 
entries for percentage recovered plants, but dominance as 
well as epistatic effects also were significant. 
Patanothai and Atkins (1974) evaluated the performance 
of 12 male-sterile single crosses, 16 fertile single crosses, 
and 48 fertile three-way crosses derived from four A-lines. 
their B-lines counterparts, and four R-lines. The model used 
for the analyses was a modified form of the model given by 
Eberhart and Gardner (1966). They found that both additive 
and dominance effects were important in the inheritance of 
grain yield in sorghum. All subdivisions of additive and 
dominance gene effects were significant, with the exception 
of specific heterosis of A x R line crosses, 
Sprague and Taturn (1942) used the diallel cross method 
to obtain estimates of general and specific combining ability 
variances in maize, which they related to types of gene ac­
tion. They defined general combining ability as the average 
performance of lines in hybrid combinations, and specific 
combining ability as the deviation of certain crosses from the 
average performance of the lines. Highly selected inbred 
lines gave relatively larger specific than general combining 
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ability variances. They concluded that dominance and epi-
stasis, which resulted in specific effects, were more im­
portant than additive effects for yield. The opposite was 
true when sets of untested lines were used. According to 
Matzinger (1963), subdivision of the analysis of diallel 
crosses into general and specific combining ability variances 
requires no genetic assumptions since the subdivision is pure­
ly statistical. 
Griffing (1956a) used the term "diallel cross" to 
describe a procedure in which a set of "p" inbred lines 
were chosen and crosses among these lines were made, giving 
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rise to a maximum of "p " combinations. Four experimental 
methods were described, depending on whether the parents and 
reciprocal crosses were included or excluded. For each of 
the methods the basis for sampling the experimental material 
gave rise to two models, I and II. In Model I the experi­
mental lines used were regarded as the population about which 
inferences were to be made. In Model II the parent popula­
tion, about which inferences were to be made, was a random 
mating population in equilibrium, and the specific set of 
experimental lines used were considered a random sample from 
a population of inbred lines derived from the parent popula­
tion by an inbreeding system free from forces which would 
change gene frequencies. 
Griffing (1956b) has shown that, for homozygous parents 
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2 (inbreeding coefficient F = 1), the genetic variance O Q 
(variance among hybrids) can be expressed in terms of com­
bining ability variances: 
2 ^ 2 ^ 2 
^GCA *SCA 
2 2 
where 0^^^ and are variances for general (GCA) and 
specific combining ability (SCA) effects, respectively. 
General combining ability is an average effect and reflects 
the degree of resemblance among half sibs (HS); so that 
for F = 1: 
"GCA = cov(HS) = 5 0% + i + ••• 
where Gov(HS) = covariance among half sib progeny. The 
total genetic variance a„ in the population is reflected by 
G 
the resemblance among full sib families (FS) so that for 
Thus 
4 = COV(FS) = *2 + ,2 + + 0^ + "gg + 
°SCA = - °3( 
= Gov(PS) - 2 Cov(HS) 
2 ^ 1 2 ^ 2 ^ 2 .  
= *D + 2 OAA + ^AD + *DD+"' 
Thus, general combining ability variance components may 
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reflect additive effects and additive interactions, while 
specific combining ability variance components may reflect 
dominance effects and dominance epistasis, plus components 
of additive epistasis. 
Mating designs I, II, and III, proposed by Comstock 
and Robinson (1948, 1952), have been used extensively in 
estimating the kinds and relative importance of genetic 
variation in specified populations. The we of these 
designs involves the mating of plants to form groups of rela­
tives and equating the mean squares obtained in the analysis 
of variance to the appropriate functions of covariances 
among relatives. Covariances among relatives have mean 
square expectations in terms of additive, dominance, and 
epistatic genetic variances, 
Gardner (1963) summarized the results from many studies 
in maize. In general, the estimates of additive genetic 
variance for grain yield and other characters were higher 
than the estimates of dominance variance. Epistatic vari­
ance usually did not appear significant in the expression of 
yield. However, epistasis has been found to affect the 
expression of other traits. Estimates of genetic variance 
obtained for several self-fertilized species were reviewed 
by Matzinger (1963). Data from soybeans, tobacco, and 
subterranean clover showed that general combining ability 
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effects were important in the expression of many characters. 
Several studies in wheat indicated that a large part of 
the total genetic variation for grain yield was associated 
with significant general combining ability effects (Brown 
et al., 1966; Gyawali et al., 1968; Kronstad and Poote, 
1964; Widner and Lebsock, 1973). Specific combining ability 
effects, a measure of non-additive genetic variance, also 
have been reported to be significant for grain yield 
(Gyawali et al., 1968; Kronstad and Poote, 1964). Similarly, 
Muehlbauer et al. (1971) found that general combining ability 
effects were more important than specific combining ability 
effects for grain yield of oats. The fact that general com­
bining ability effects have been found to be highly im­
portant in many crops indicates that it may be possible to 
develop individual varieties with agronomic performance, 
especially for yield, that is equal to the level expected 
in hybrids. 
Kramer (1959) reported that both general and specific 
combining ability effects were important in the expression 
of grain yield in sorghum. Whitehead (1962) conducted a 
comprehensive study of combining ability effects in sorghum 
that involved 58 varieties crossed with Martin and Combine 
Kafir 60 male-steriles. He reported that additive gene 
action predominated for flowering date, plant height, head 
length, and open vs. close head, while both additive and 
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non-additive gene actions were both important in the ex­
pression of grain yield. 
Kambal and Webster (1965) studied the performance of 
190 sorghum hybrids and their parents. All parental lines 
were homozygous for three of the major recessive genes for 
plant height (dw^, dw2, and dw^). The female parents were 
kafir types or kafir-milo derivatives, whereas the male 
parents included lines that had been selected from hybrid 
combinations of kafirs, milos, and feterita. They found 
that both general and specific combining ability effects 
were important in the inheritance of grain yield, seed weight, 
weight per bushel, total height, and days to first bloom. 
However, the general combining ability effects for all 
traits were more important and more stable over years than 
specific combining ability effects. 
Niehaus and Pickett (1966) made estimates of general 
and specific combining ability effects using data from an 
eight-line diallel cross in sorghum. Three of the parental 
lines were recent introductions and diverse from the other 
five lines. The F^'s, F^'s, eight parents, and the check 
hybrid RS 610 were evaluated for grain yield and seven other 
characters. In the generation both the general and 
specific combining ability effects were significant for all 
traits. General combining ability effects, however, were 
larger than specific combining ability effects for all 
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characters except 100-seed weight. In the Fg generation all 
components were smaller than the corresponding values 
and some were not significant, particularly the specific 
combining ability effects for grain yield, seeds per 
head, heads per row, and threshing percentage. 
Beil and Atkins (1967) produced 40 sorghum hybrids 
from five A-lines and eight R-lines. Analyses of the data 
obtained from two years at three locations showed that dif­
ferences among general combining effects of the lines were 
significant for grain yield, heads per plant, 100-seed weight, 
and seeds per head. Significant differences among specific 
combining ability effects were expressed only for 100-seed 
weight. Specific combining ability effects seemed more stable 
over environments, however, than the general combining ability 
effects. 
Malm (1968) studied the performance of 32 hybrids ob­
tained by crossing eight R-lines developed from African 
introductions with four male-sterile tester lines. He found 
that both general and specific combining ability effects 
were important for grain yield and 1000-seed weight. Only 
general combining ability effects were important in the 
expression of protein percentage= 
More recently, Collins and Pickett (1972) crossed 12 
lines representing the diverse types found in the World 
Sorghum Collection onto four male-sterile testers. 
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Differences were found among the 12 male parents for general 
combining ability effects for grain yield, protein percentage, 
and lysine content. Differences for general combining ability 
effects among the female parents were observed only for 
protein percentage and yield. Significant specific combining 
ability effects were not obtained in this study. 
Nagur and Menon (1974) obtained results that are some­
what different from those reported by other investigators. 
They evaluated a diallel cross in sorghum that involved six 
fertility restorer lines, and found that both general and 
specific combining ability effects were significant for 
grain yield and all other characters that they measured. 
For panicle weight and grain yield, however, the proportion 
of variance due to specific combining ability effects were 
appreciably higher than the variance for general combining 
ability effects. 
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III. MATERIALS AND METHODS 
A. Genetic Materials 
Eleven fertility-restorer lines (R-lines) selected from 
materials released through the USDA Sorghum Conversion Pro­
gram were evaluated for their breeding behavior in this 
investigation. These lines were developed by crossing and 
backcrossing alien sorghums adapted to tropical environ­
ments onto B406 Martin, a 4-dwarf^ early maturing line 
adapted to sorghum production areas of the United States 
(Stephens et al., 1967). The alien lines were used as male 
parents in all crosses except the last (fourth) backcross. 
Using the alien line as the female parent in the last back-
cross transmitted the cytoplasm of the alien line into the 
converted line. 
Four backcrosses were made to produce the "fully-
converted" backcross lines (BC^) and the final seed increase 
was made from one plant, or a few very similar plants. A 
companion "temperate-zone bulk population" was developed 
for each BC^ line. In these bulk populations variability 
for height, maturity, and other plant and seed characters 
was retained by compositing diverse plants selected from 
the last backcross population. Six of the lines used in 
this investigation were selected from the temperate-zone 
bulk populations, and five were from uniform BC^ lines. 
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In evaluating the first group of materials released 
from the sorghum conversion program, 63 BC^ lines, 63 
temperate-zone bulk populations, and 40 partially con­
verted bulk populations were examined at Ames, Iowa, in 
1970. Heads selected from these sources were evaluated 
further in plant rows during 1971 and 1972. Rows that were 
of moderate plant height, not extremely late in maturity, 
and desirable agronomically were selected for use as male 
parents in crosses to three widely used female parents 
(A-lines), and to three male-sterile single-cross testers. 
Each of the selected lines was crossed onto the three A-
lines in 1971 and onto the three male-sterile single crosses 
in 1972. 
The resultant 223 single-cross hybrids were evaluated 
in non-replicated observational rows in 1972 and 267 three-
way hybrids were grown similarly in 1973. Notes were re­
corded on each hybrid for plant height, days to midbloom 
and fertility restoration (seed set on bagged heads). The 
11 lines (R1 through Rll) selected for continued evaluation 
were the only lines tested that produced hybrids with all 
A-lines and male-sterile single crosses that were fully 
fertile and of plant height and maturity that could possibly 
make them acceptable as combine grain-type hybrids. Nearly 
three-fourths of the single-cross and three-way hybrids 
produced were from 2 to 3 meters (7 to 10 feet) tall and some 
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were extremely late maturing. The vast majority of the 
lines tested, however, gave full restoration of fertility 
with either the A-line or male-sterile single-cross seed 
parents. 
Designations, origins, and species sub-groups of the 
11 R-lines are listed in Table 1, and data for certain 
agronomic traits are presented in Table 2. These R-lines 
were used as male parents to produce 33 single-cross 
hybrids in combination with the three male-sterile (A) 
lines and 33 three-way hybrids in combination with the 
three male-sterile single crosses listed below: 
A-lines R-lines 
Martin R1 (lA 711328) R8 (lA 711367) 
Combine Kafir 60 R2 (lA 711329) R9 (lA 711369) 
Kansas 24 R3 (lA 711330) RIO (lA 711377) 
R4 (lA 711333) Rll (lA 711393) 
R5 (lA 711345) 
R6 (lA 711362) 
R7 (lA 711365) 
Male-sterile single crosses 
A Kafir 60 x B Redlan 
A Martin x B Redlan 
A Kafir 60 x B Martin 
Hereafter in this dissertation the R-lines will be re­
ferred to by the designations R1 through Rll. The 33 
hybrids, three nonrestorer (B-line) counterparts of the 
female parents, 11 R-lines, and three check hybrids -
Table 1. Designations, origins, and ispecies sub-groups of fertility restorer lines used in 







_ . . a 
Origin Species sub-group^ 
IS 2403C (BC) lA 711328 R1 South Africa Caudatum 
IS 2403C (BC) lA 711329 R2 South Africa Caudatum 
IS 2403C (TB) lA 711330 R3 South Africa Caudatum 
IS 2541C (TB) lA 711333 R4 Sudan Caudatum 
IS 3063C (TB) lA 711345 R5 Ethiopia Caudatum 
IS 12557C (BC) lA 711362 R6 Sudan Durra-Nigricans 
IS 12559C (BC) lA 711365 R7 Sudan Caudatum-Conspicuum 
IS 12569C (TB) lA 711367 R8 Sudan Caudatum-Conspicuum 
IS 12608C (TB) lA 711369 R9 Ethiopia ZeraZera 
IS 12609C (TB) lA 711377 RIO Ethiopia ZeraZera 
IS 12684C (BC) lA 711393 Fill Nigeria Caudatum-Kaf ir 
^According to Eberhart (1970). 
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Table 2.  Fertility restoration, 100-seed weight, seeds per head, plant 













































































^Average fertility restoration based on lines per se and three 
crosses involving each R-line. (10 » full seed-set on bagged head; 
1 * no seed-set on bagged head.) 
^Means from 1973 and 1974 single-cross tests at Ames and 
Castana. 
^Means from 1973 and 1974 single-cross tests at Ames. 
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RS 608 (Martin x Tx 7078), RS 610 (Combine Kafir 60 x 
Tx 7078), and RS 671 (Redlan x Tx 415) - were planted for the 
single-cross test. Three parents of the check hybrids 
(Tx 7078, Tx 415, and B Redlan) also were included as entries 
in the test, but only the data obtained for the 33 hybrids 
and their 14 parents were subjected to genetic analyses. 
The 33 three-way hybrids, three male-sterile single-cross 
parents, 11 R-lines, the three checks hybrids, and five 
parents of the check hybrids (Tx 7078, Tx 415, B Redlan, 
B Martin, and B Kafir 60) provided a total of 55 entries for 
the three-way hybrid test. Again, only the data obtained 
for the 33 three-way hybrids and 14 parents were subjected 
to genetic analyses. 
B. Field Procedures, Environmental Conditions 
and Character Evaluation 
Entries for the single-cross and three-way hybrid 
tests were planted as separate experiments. The single-cross 
tests in 1973 were planted at Ames and Castana, Iowa, on May 
22 and May 24, respectively. In 1974 the single-cross 
tests were planted at Ames and Castana on June 6 and May 24. 
respectively. The three-way hybrid tests were grown only 
in 1974, at Ames and Castana. They were planted on the 
same dates listed for the 1974 single-cross tests. Each 
testing site, i.e., a combination of an individual year with 
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an individual location, will be referred to hereafter as one 
environment. 
In each environment the entries were planted in 
single-row plots, 3.66 m long and 1.02 m apart. The experi­
mental design was a randomized-complete block with two repli­
cates. All plots were over-planted and thinned to a within-
row spacing of 7.62 cm between plants. After thinning, each 
plot was staked near both ends to delineate the central 
3.05 m section. Competitive plants in this central part of 
each plot were used for making field observations and were 
harvested for grain yield determinations. In the 1973 
Ames single-cross test, five plants outside the stakes of 
each plot were bagged and evaluated for seed-set as a measure 
of fertility restoration. 
Rainfall and temperature data for the two years are 
presented for both locations in Table 3. Means for grain 
yield and other characters measured in individual environ­
ments are presented in Table 10 in the Results section. 
Conditions in 1973 were favorable for sorghum production at 
both locations. In contrast, climatic conditions in 1974 
were erratic and generally not favorable for high grain 
yields. A severe hailstorm occurred at Ames on June 18 and 
temperatures dipped below freezing at both locations on 
September 3. The hail damaged the young seedlings markedly, 
but they recovered as additional leaves unfolded. The early 
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Table 3. Mean monthly temperature and precipitation, with departures 
from normal, for 1973 and 1974 growing seasons at Ames and 
Castana, Iowa& 
Temperature (°C) Precipitation (cm) 
Ames Castana Ames Castana 
Month Mean Departure Mean Departure Total Departure Total Departure*^ 
May 14.8 
1973 Growing Season 
15.2 -1.5 17.20 . - 12.83 2.64 
June 22.2 22.1 0.1 6.68 - 6.60 -5.82 
July 23.1 22.9 
-1-4 16.10 - 12.40 2.39 
Aug 23.0 23.8 0.2 5.77 - 6.45 -2.77 
Sept 17.1 17.1 -1.6 20.60 - 15.39 8.00 
Oct 14.1 13.8 1.3 9.14 - 12.27 6.50 
Mean 19.1 19.2 -0.5 Total 75.49 - 65.94 10.94 
May 14.7 -1. 2 
1974 Growing Season 
15.4 -1,3 24.05 12.65 18.03 7.54 
June 20.0 -0. 8 19.9 -2.1 14.35 -0.30 4.90 -7.24 
July 25.4 2. 3 26.1 1.3 4.32 -4.39 1.91 -7.80 
Aug 20.1 —2. 1 20.4 -3.2 11-79 2.57 21.49 11.81 
Sept 15.2 -2. 1 15.6 -3.1 4.90 -3.43 2.24 -4.95 
Oct 11.9 0. 0 12.0 -0.6 12.90 7.59 2.82 -2.84 
Mean 17.9 -0. 7 18.2 -1.5 Total 72.31 14.70 51.39 -3.84 
^Data from the Iowa Section of the Weather Bureau, United States 
Department of Commerce. 
"Departure from the temperature mean calculated from the 30-year 
(1931-60) means. 
'^Departure from the precipitation mean calculated from the 26-
year (1948-73) means. 
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frost, however, produced lasting and severe damage. Many of 
the late maturing entries had not progressed normally towards 
seed maturation because cool temperatures in August delayed 
pollination. The two stresses combined to reduce grain 
yields markedly below normal. 
The following attributes were measured at both Ames and 
Castana; 
Grain yield: The weight of grain in kilograms per plot. 
The heads were dried artificially to uniform moisture 
contents of approximately 10%. Grain yields were 
determined from the weight of unthreshed heads using 
the regression procedure described by Robinson and 
Bernat (1963). 
Number of heads per plant: The number of seed-bearing 
heads produced by each plant; recorded at harvest time. 
Weight of 100-seeds: Weight, to the nearest ceritigrair., of 
a sample of 100 seeds from five-threshed heads taken 
randomly from each entry. 
Number of seeds per head: The number of seeds per head was 
determined in the following manner: 
seeds/head = Kg^gk^lot^x^lSb^seld 'gkght° (g) 
Plant height: Height in centimeters, from the crown to the 
tip of the main-stalk head, recorded at maturity. 
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In addition, the following characters were measured 
only at Ames: 
Fertility restoration: The ability of each entry to set seed 
upon selfing or intercrossing among entries. Five-
bagged heads in each plot of the 1973 single-cross test 
were rated for fertility restoration (seed set). Each 
head was scored 1 through 10, 1 = not restored (very 
poor seed set), 10 = fully restored (full seed set). 
Days to midbloom: The number of days from planting until 
the extrusion of anthers (or stigmas in case of male-
sterile entries) had progressed midway down the main-
stalk head. 
Data recorded for each character from individual environ 
ments were first analyzed using the following model: 
C. Statistical Analysis 
where 
Yij = observed value of the ij^^ plot 
m = grand mean 
= effect of the i^^ replication, i = 
Vj = effect of the entry, j = 1.... 
e^j = the error associated with the ij^^ 
v; V = 47 
observation 
1....r; r = 2 
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The lines used as parents in this investigation were con­
sidered a fixed sample from those lines that might be used in 
the development of sorghum hybrids in Iowa, but replications 
were considered random. The nature of this mixed model 
dictated the analysis of variance, and also the tests of 
significance that were made. The form of the analysis of 
variance and the expected mean squares (E.M.S.) for each 
character in each experiment are presented in Table 4. F 
ratios used to test for significant differences among entries 
were calculated as Entries M.S./Error M.S. 
The locations and years in which the experiments were 
conducted were assumed random and they were considered a 
representative sample of locations and years in which grain 
sorghum is grown in Iowa. Therefore, data from the single-
cross tests were combined over all environments, without 
partitioning the year and location effects. The combined 
analysis for each character was performed by using the 
following model: 
= m + Bk + R(k)i + + «ilk 
where 
Y. .. = observed value of the ijk^^ plot 
13K 
m = grand mean 
Ejç = effect of the environment, k = l....e; e = 4 
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R. .. = effect of replication i in environment k, 
^ i=l....r; r = 2 
Vj = effect of the entry, j = l....v; v = 47 
(VE) .i_ = effect of interaction of the entry with 
J th 
the k environment 
e^j^ = the error associated with the ijk^^ observation. 
Data from the three-way hybrid tests were treated simi­
larly, but only two environments (locations) were available 
for the combined analysis. In the combined analyses of data 
a mixed model was assumed, that is. entries were regarded 
as fixed, but replications and environments were assumed 
random. The form of the combined analysis for each charac­
ter and the expected mean squares (E.M.S.) are presented in 
Table 5. For each character the F-ratio for testing the 
entries x environments source of variation was calculated 
by using the mean square for the pooled error as the de­
nominator. If this ratio was significant, the interaction 
mean square was used as the denominator to test the dif­
ferences among entries. The mean square for replications 
within environments was tested against the mean square for 
the pooled error and, in turn.- the mean square for replica­
tions was used as the denominator to test the differences 
among environments. 
For the single=cross tests the data for each character 
also were combined across years and locations to characterize 
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Table 4. Form for the analysis of variance of data from 
individual environments and expected mean squares 





Replications (R) r-1 + vo^ 
Entries (V) v-1 + rK^ 
2 
Error (e) (r-1)(v-1) a 
e 
Table 5. form for combined analysis of variance of data 








Entries x Env. (VE) 








"e + + ""E 
4 + -^4 + reK^ 
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the effects of years/ locations, years x locations, entries x 
locations, entries x years, and entries x locations x years. 
The following model was assumed for analyses: 
= m + ?k + L* + + Rtksli + Vj + (VUj! + 
(Wjk + (VWjkH ^  ®ijk)l 
where 
^ijkS, ~ observed value of the ijkA plot 
m = grand mean 
= effect of the year, k = l....y; y = 2 
= effect of the location, & = 1....&; i  =  2  
^(kSi)i ~ effect of the i^^ replication in the k^^ year 
and location, i = l...r; r = 2 
Vj = effect of the entry, j = 1. ...v; v = 47 
til (YL)j^^ = effect of interaction of the k year with the 
location 
(VL)_.p = effect of interaction of the entry with the 
4-1, 
Z " location 
(VY)jk = effect of interaction of the entry with the 
k^^ year 
(VLY)jjç£ = effect of interaction of the entry with the 
l"" location and the k^" year 
e . „  =  t h e  e r r o r  a s s o c i a t e d  w i t h  t h e  i j k x ^ ^  o b s e r v a t i o n .  
X jKX. 
The form of the combined analysis of variance and the 
expected mean squares (E.M.S.) are shown in Table 6. An 
approximate test of significance for the differences among 
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entries was obtained by the method suggested by Cochran (1951) 
The variance ratio, F', was; 
M_ + M_ 
F' = 5 2 
M4 + M3 
with df of numerator 
(Mg + MglZ 
(Mj)^ ^  (M,): 
V5 ^2 
and df of denominator 
(M4 + Mg): 
(M*)^ + (M])^ 
where Mg through Mg and Vg through Vg were mean squares and 
degrees of freedom involved in testing, respectively (Table 
6 )  .  
The sums of squares for entries and for the interactions 
were divided further into a set of orthogonal components. 
These were comprised of parents vs. hybrids, parents, hy­
brids, and the interactions of these components with the 
appropriate environmental components, i.e., environments or 
locations, and years (Table 7 and Appendix Table 42). In 
calculating sums of squares for these components the data 
for parents and hybrids were analyzed as separate experi­
ments, and the difference between the entry sum of squares 
Table 6- Analysis of variance of data combined across locations and years, and expected mean 
squares 
Source of 
variation Degrees of freedom MS E.M.S. 





""LÏ * RHVOJ 
Locations (L) &-1 
e 
+ va^ + 
R 
ryva^ 
Years x Locations (LY) (y-1)(&-1) 
e 
+ va^ + 
R 
Replications/L/Y (R) &y(r-l) 
e 
+ 
Entries (V) v-1 * »5 02 e + '"L + r£a' 
Entries x L (VL) (v-1)(&-1) 
^4 + 
Entries x Y (VY) (v-1)(y-1) = 
^3 «3 e + '"Ly  * r*"™ 
Entries x L x Y (IfLY) (v-1)(&-1)(y-1) = 
^2 «2 + ^"^VLY 
Pooled Error (e) &y (r-1) (v-1) = 
^1 "l < 
Total &yrv-l 
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and the combined sums of squares for parents and hybrids 
was assigned to parents vs. hybrids. The mean squares for 
the error for all components (parents vs. hybrids, parents, 
and hybrids) were tested for homogeneity by using Bartlett's 
test (Snedecor and Cochran, 1967). The test indicated that 
the error mean squares for these components for most charac­
ters were not homogeneous. Therefore, the interaction mean 
square for each component was tested against its own error 
mean square. The interaction mean square for each component 
also was used as the denominator for the test of signifi­
cance among entries whenever the interaction mean square 
was significant, as suggested by Cochran and Cox (1957). 
For each character comparisons of means of two entries 
were tested using t-tests. The standard error of the dif­
ference between any two means (S^) was calculated using the 
2 1/2 2 
formula = (2S /n) , where S is the entry x environ­
ment mean square and "n" is the number of observations going 
into the entry means. The standard error of entry means 
2 , 1/2 (SE) was calculated in a similar manner, SE = (S /n) 
D. Genetic Models 
The lines used as male and female parents were crossed 
in accordance with the pattern described for Design II by 
Comstock and Robinson (1952). The model was developed as 
follows: 
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"ijk = m + Rk + Vii + ®ijk 
where 
V. . = G. + G. + S. . 
1] 1 ] 1] 
Yj.% = Observed value for the hybrid in the 
^ replication 
m = grand mean 
Rj^ = effect of the k^^ replication, k = l....r; r = 2 
V•• = cross effect for cross between the female 
1J th 
and the i male parents 
G. = the average effect of the i^^ male parent on its 
crosses, i = l....m; m = 11 
G- = the average effect of the female parent on 
^ its crosses, j = l....f; f = 3 
S.. = the deviation of the ij^^ cross from the ex-
pected performance based on the parents' average 
effects 
e . =  t h e  e r r o r  a s s o c i a t e d  w i t h  t h e  i j k ^ "  o b s e r v a t i o n .  
i]k 
Mean squares for male parents and for female parents are 
independent estimates of general combining ability (GCA) 
effects. The males x females interaction mean square is an 
estimate of specific combining ability (SCA) effects. When 
hybrids are evaluated in several environments, the model can 
be extended as follows: 
^iikt = m + En + + Si + Sj + S. . + !GE)i2 
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where 
Y. = observed value of the hybrid in the 
plot 
m = grand mean 
= effect of the environment, I = l....e; 
e = 2 and 4 for three-way and single-cross 
hybrids, respectively 
= effect of the replication in the en­
vironment, k = l....r; r = 2 
Gji = the average effect of the i^^ male parent on 
its crosses, i = l....m; m = 11 
= the average effect of the female parent 
o n  i t s  c r o s s e s ,  j = l . . . . f ; f = 3  
S.J = the deviation of the ij cross from the ex-
pected performance based on the parents' average 
effects 
(GE)ijj, (GE) and (SE)^j^ are the interactions with 
environments for the effects defined previously 
th 
e. „ = the error associated with the ijkJ. observation. i]k& 
The partitions of the sums of squares and their expected 
mean squares (E.M.S.) are presented in Tables 7 and 8, 
respectively. 
E= Analysis of Entry Means for Combining 
Ability Effects and Heterosis 
Estimates of GCA and SCA effects also were calculated 
by using the following equations: 
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Table 7. Partitions of the sums of squares of the hybrids into GCA 
for male and female parents, and SCA in the combined analysis 
of data across environments 
Source of 
variation 
Degrees of freedom 
Environments (Env.) e-1 
Replications/Env- e(r-l) 
Entries (v-1) 
Parents vs. hybrids 1 
Parents (m + f-1) 
Hybrids (m x f-1) 
GCA (males) (m-1) 
GCA (females) (f-1) 
SCA (mxf) (m-1)(f-1) 
Entries x Env. (v-1)(e-1) 
Parents vs. hybrids x Env. (1)(e-1) 
Parents x Env. (m + f-1)(e-1) 
Hybrids x Env. (m x f-1)(e-1) 
GCA (males) x Env. (m-1)(e-1) 
GCA (females) x Env. (f-1)(e-1) 
SCA (mxf) X Env. (m-l)(f-1)(e-1) 
Pooled error e(r-l)(v-1) 
Total erv-1 
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Table 8. Form of the analysis of variance used to analyze quantitative 
traits tested across environments, and expected mean squares 
Degrees of freedom E.M.S. 
GCA (males) (G^) m-1 a2 
e 
+ + refKg 
Gi 
GCA (females) (Gj f-1 a' 
e 
+ + remK^ 
] 
SCA (Sij) (m-1)(f-1) + 
"If 
+ reKq 
GCA (males) x Env. (G^E) (m-1)(e-1) 
e 
+ 
GCA (females) x Env. (GjE) (f-1) (e-1) a' 
e 
+ 






Pooled error e(r-l) (v-1) CT^ 
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G. = 
1 (Ti. -  ? . . )  
G. = 
] (Y.. 









(Y^. - Y..) - (T.j - Y..) 
+ Y..) 
where and Gj are GCA effects of the male and the 
female, respectively, is the interaction between the i^^ 
male and the female and is used as a measure of the 
SCA effects, Y^. and Y.j are the means of all hybrids having 
the i^^ male and the j""^* female as one of the parents, 
respectively, Yj^j is the mean of the hybrid having the i^^ 
male and the female as its parents, and Y.. is the grand 
mean. 
In testing for significance each estimate was compared 
with the standard error for the subdivision component mean. This 
value was calculated by using the formula SE = (S^/n)^/^, where 
2 S is the interaction mean square of appropriate subdivision 
components x environments, and "n" is the number of observa­
tions going into the means. The estimates of GCA and SCA ef­
fects were considered significant if they were greater than 
two times their respective standard error. 
Percentage heterosis and heterobeltiosis were determined 
by using the following equations: 
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F,-MP 
Heterosis {%) = ——-— x 100 
MP 
F, -HP 
Heterobeltiosis (%) = —x 100 
where F^' HP are the means for the F^^, mid-parent, and 
higher parent, respectively. Yields of the hybrids also were 
calculated as percentage of RS 610, a widely adapted check 
hybrid. The tests of significance were made by using a 
t-test as suggested by Snedecor and Cochran (1967, pp. 268-
271). 
F. Genetic Effects 
Means of the parents and hybrids were analyzed for genetic 
effects by using a model similar to the one suggested by Eber-
hart and Gardner (1966). The means for single-cross and three-
way hybrid tests obtained from individual environments were 
first analyzed according to the following genetic model: 
Yjk = m + Aa + aj + a% + 6 (H + hj + + sy^.) 
When i = k, Y.r, = Y. = the mean of the female parent 
J J th 
or otherwise Y^^ = Y^ = the mean of the k 
male parent, A = -3 and 11 for male and female 
parents, respectively, and 6=0. 
When j^^k, Yjj^ = the mean of the female j x male k cross, 
A=0, and 5=1. 
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m = mean of the 14 parents,_m + 11a = mean of 
female parents, and m-3a = mean of male parent. 
a^ = additive gene effect due to female j (A-line 
or male-sterile single-cross seed parent). 
a^ = additive gene effect due to male k (R-line). 
R = average heterosis (average difference be­
tween parents and hybrids). 
h• = average heterosis effect of the j female. 
^ parent (A-line or male-sterile single-cross 
seed parent) in crosses. 
hj^  = average heterosis effect of the male 
parent (R-line) in crosses. 
Sj^= specific heterosis effect of the jk^^ cross. 
= Zk^k = Zjh] = W = ZjSjk " Vjk " °* 
The least square procedure was used to partition entry sums 
of squares into variations due to the various genetic effects 
described in the preceding genetic model. The sequential fit 
was made according to the following order: a, aj, a^, H, hj# 
h]^. À total of 45 degrees of freedom was accounted for by 
these genetic effects. The residual sums of squares, which 
have one degree of freedom, therefore, were assigned to 
The tests of significance of the genetic effects were made by 
using the mean square for the error term as the denominator 
(Table 4). 
In the combined analyses of variance for genetic effects 
the following genetic model was assumed: 
51 
Yjkt = m + + Aa + Sj + + 6 (h + hy + + sy^) 
+ A(ÂT:)^ + (AE)J^ + (AE)^^ + G [ (RE) ^ + (HE)J^ 
+ (hE)j^^ + (SEljk*] 
When 
j = k. Y.. = Y. or = Y. = the mean of the j female 
or the k " male parent, X -  -3  and 11 for male 
and female parents, respectively, and 6=0. 
When 
j^k, Y.i, = the mean of the female j x male k cross, 
X=0, and 6=1. 
E^ = effect of the environment, i = l....e; e=2 and 
4 for three-way and single-cross tests, respective­
ly. 
m, a, aj, aj^, h, hj, hj^, and Sjjç are as defined 
previously. 
(32) (hE>g^f '"-'jji' -"-'Vi'" ---
( s E ) a r e  t h e  i n t e r a c t i o n s  o f  t h e  g e n e t i c  e f f e c t s  w i t h  
J 
environments. 
Zza. = = Z.h. = ...etc. = 0. 
J J K K J J 
In the combined analyses, the entry means over all environ­
ments were fit in the sama manner described for the individual 
environments. The differences between the sums of squares 
pooled from the individual environment analyses and the 
corresponding value of the combined analyses provided estimates 
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of the genetic effects x environments interactions for each 
component. Tests of significance for each source of varia­
tion were performed as described previously. Predicted means 
for all characters for each entry (Y) also were obtained 
by using the genetic model as presented in the genetic 
analyses. 
G. Correlations 
The form of the combined analyses of variance and co-
variance over environments, which shows mean squares and mean 
products necessary for computing the correlation coefficients 
in this study, is presented in Table 9. Phenotypic, environ­
mental, and genotypic correlations among various characters 
were calculated from the data combined over environments by 
using the formulas: 1 
2 
Phenotypic correlation = Op ^/(Op^ x Op?) (v^-2)df 
where cr is the phenotypic covariance between pairs of 
12 2 " 2 
characters and o and o are the phenotypic variances 
^1 ^2 
for each trait, respectively; 
1 
2 2 2 
Environmental correlation = a-. /(a„ x a„ ) 
12 1 2 
witn 
where g, is the environmental covariance between two traits, 
2 " 2 
and a„ and a_ are the environmental variances of the 
El E2 
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respective characters; and 
1 
2 2 ? 
Genotypic correlation =  a_  / ( a  x  a  )  
^12 9l 92 
where a is the genotypic covariance between two traits, 
2 *12 2 
and and are the genotypic variances of the first and 
^1 92 
second characters, respectively. 
Correlations were calculated separately for the single-
cross test and the three-way hybrid test between means of the 
male parents (R-lines) and the means of hybrids involving 
each male parent. The means for single-cross hybrids involving 
each male parent also were correlated with the mean performance 
of the three-way hybrids involving the seune male parent by 
using the formula; 
1 
2 2 2 
Correlation coefficient = * ^ 2^ with 9 df 
I 
where is the covariance between the performance of the male 
parents when measured as lines per se and in hybrid combina­
tions (or in single-cross and three-way hybrid tests), and 
2 2 
and Og are the variances of the male parents when measured 
as lines per se and in hybrid combinations (or in single-
cross and three-hybrid tests), respectively. 
All correlation coefficients, except the genotypic 
correlations, were tested for significance by using Table A-11 
in Snedecor and Cochran (1967). 
Table 9. Pertinent form of the analysis of covariance between traits 1 and 2 and analysis of 
variance in combined environments 
Source of Degrees of Mean Expected mean Expected mean squares 
variation freedom product products (trait 1) 
Entries V_ = (v-1) HP, cr + rO + reic M, + rO^ + reK^ 
3 3 VEj Vj 
2 2 
Entries x Env. v,, = (v-1) (e-1) IIP, cr + rcr M o + rcr 
12 12 ^ ®i ^^1 
Pooled error V, = e(v-l) (r-1) HP a M, 1 1 ^ 
&r r, amd v = number of environiasnts, replicates, and entries, respectively. 
Phenotypic covariimce between traits 1 and 2 * MP^/re. 
Phenotypic ^ 'airiance of trait 1 == M^/re. 
Genotypic coviiriance between traits 1 and 2 « MP g - MP,/re. 
Genotypic véir;Lance for trait 1 = M^ - Mg/ri:. 
Environmental! covariance of traits 1 and 2 * MPg/r. 
Eiivironmentiil variance for trait 1 = Mg/r. 
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IV. EXPERIMENTAL RESULTS 
Means and standard errors for grain yield, yield compo­
nents, plant height, and days to midbloom for single-cross 
and three-way hybrids and their respective parents are 
presented in Table 10. Growing conditions in 1973 were 
highly favorable for sorghum production. High grain yields 
for the parents and hybrids were obtained in the single-
cross tests at both Ames and Castana. In contrast, growing 
conditions in 1974 were not so favorable. Low rainfall com­
bined with high temperatures in July, an abnormally cool 
August that delayed pollinations, and early freezing tempera­
tures in September reduced grain yields at both locations. 
The experimental results will be presented in the fol­
lowing order: (A) analyses of variance and means; (B) 
combining ability analyses of variance and estimates of 
general and specific combining ability effects; (C) heterosis 
and heterobeltiosis; (D) genetic effect analyses; (E) 
correlations among characters. 
A. Analyses of Variance and Means 
The data from each single-cross and three-way hybrid 
experiment were analyzed individually. Mean squares from 
the analyses of variance for individual environments, and , 
the combined analyses that partitioned year and location 
Table 10. Mean;: and standard errors 3:or grain yield, yield components, plant height, and days 
to roidbloora in individual «nvironmeni:s for single-cross and three-way hybrids 






























































































1974-Castana 24.20+4.19 0.75+.13 1.02+.02 2.63+.13 768+102 98+4 
51.30^6.13 1.59+.19 1.01+.OIL 2.90+.19 1432+141 134+4 
*Meams of pairents are listed first and means of hybrids second. 
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effects for the single-cross hybrids, are presented, respec­
tively, in Tables 40, 41 and 42 of the Appendix. Presenta­
tions of data in the Experimental Results section, however, 
will give major emphasis to the analyses combined over four 
environments for the single-cross tests, and over two loca­
tions for the three-way hybrid tests. 
Table 11 shows mean squares from the analyses of vari­
ance combined over four environments for grain yield, yield 
components, and plant height of the single-cross hybrids. 
Environment to environment differences were highly signifi*= 
cant (P<0.01) for all traits. Highly significant differences 
among entries also were obtained for all characters. The 
mean squares derived by partitioning the entries sum of 
squares were tested against their analogous interaction mean 
squares. P tests for the parents vs. hybrids mean squares 
indicated that the differences for all characters except 
heads perplants were significant. The differences for 100-
seed weight, however exceeded only the 5% probability level. 
The comparison of hybrids vs. parents c^n be interpreted 
as a measure of the extent of heterosis. Highly signifi­
cant differences in grain yield and all the other charac­
ters were indicated among parents and among hybrids, h 
highly significant difference for the entries x environments 
mean square was indicated for each character. The inter­
action mean squares for parents vs. hybrids x environments 
Table 11. Mean square» from combined analysis of variance for grain yield, heads per plant, 
lOO-seed weight, seeds per head, and plant height of single-cross hybrids grown 















Environments (Env.) 3 18.213** 1.489** 16.241** 3 ,695,423** 19,674.4** 
Replications/EnV. 4 0.229** 0.070* 0.168* 85,785 113.9** 
Entries 46 1.589** 0.222** 1.456** 1 ,766,438** 4,422.1** 
Parents vs. hybrids 1 46.373** 0.090 7.672* 19 ,565,241** 121,302.6** 
Parents 13 0.466** 0.505** 1.453** 1 ,242,844** 1,583.1** 
Hybrids 32 0.646** 0.111** 1.262** 1 ,422,936** 1,922.9** 
Entries x Env- 138 0.094** 0.047** 0.185** 172,419** 191.2** 
Parents vs. hybrids x Env. 3 0.134 0.093 0.743* 721,557 1,047.9** 
Parents x Env,, 39 0.122** 0.097** 0.306** 189,130** 65.5** 
Hybrids x Env. 96 0.081* 0.025** 0.119** 148,469** 215.5** 
Pooled error 184 0.048 0.021 0.055 63,311 25.5 
CV,% 13.26 12.24 9,27 16.31 3.62 
^Significant at the 5% level ol: probeUiility, 
** 
Significant at: the 1% level of probability. 
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were significant (P<0.05 or P<0.01) for 100-seed weight and 
plant height, but the interaction mean squares for parents x 
environments, and hybrids x environments for all characters 
exceeded either the 5 or 1% probability level. 
Mean squares from the analyses of variance combined over 
two locations for grain yield, yield components, and plant 
' height for the three-way hybrids are presented in Table 12. 
Variations between locations were significant at either the 
5 or 1% probability level for grain yield, 100-seed weight, 
seeds per head, and plant height. Highly significant dif­
ferences among entries were shown for all characters. Al­
though the parents vs. hybrids mean squares for grain yield, 
100-seed weight, seeds per head, and plant height did not 
show significances beyond the 5% probability level, their 
magnitudes were large compared to those for most of the 
other sources of variation. Variations among parents and 
among hybrids exceeded either the 5 or 1% probability level 
for all characters except grain yield. For this trait, high­
ly significant differences were shown among the hybrids but 
not among the parents. With the exception of heads per 
plant, the entries x locations interaction mean squares 
were highly significant for all characters. Similarly, all 
groups of genotypes (parents vs. hybrids, parents, and 
hybrids) showed either significant (P<Q.05) or highly sig­
nificant (P<0.01) interactions with locations for all traits 
Table 12. Mean scpiares from combined analysis of variance for grain yield, heads per plant, 100-
seed weight, seeds per head, and plant height in three-way hybrids grown at two locations 
Source of Degrees of Grain Heads/ 100-seed Seeds/ Plant 
variation freedom yield plant weight head height 
Locations (L) 1 2.645** 0.386 25.767** 159,387* 64,158.1** 
Replications/L 2 0-002 0.055** 0.022 81,605 163.6** 
Entries 46 0.706** 0.014** 0.653** 573,389** 2,348.0** 
Parentts vs. hybrids 1 23.197 0.000 5.062 11,962,857 17,709.1 
Parents 13 0.094 0.022* 1.000* 373,173** 790.3** 
Hybrids 32 0.252** 0.011* 0.374** 298,806** 813.3** 
Entries x L 46 0.081** 0.008 0.185** 92,480** 136.8** 
Parents vs. hybrids :ic L 1 0.219* 0.011 0.357* 494,946* 2,206.0* 
Parents x L 13 0.050* 0.009 0.312** 77,722* 88.0** 
Hybrids x L 32 . 0.089** 0.007 0.127** 85,897** 91.9** 
Pooled error 92 0.036 0.007 0.040 30,957 29.4 
CV, % 15.43 7.67 8.14 13.93 3.82 
* . 
Significaiit at the 5% level of probability. 
**  
Significant at the 1% level ol: probability. 
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except heads per plant. 
Means obtained for the individual environments for 
grain yield, yield components, and plant height for the single 
crosses and three-way hybrids are given in Appendix Tables 
43 and 45, respectively. The means of the hybrids with one 
parent in common and the means of the common parents for the 
individual environments for these characters are presented, 
respectively, for the single crosses and three-way hybrids 
in Appendix Tables 44 and 46. Means averaged over four en­
vironments for grain yield, yield components, and plant 
height, two environments for days to midbloom, and one 
environment for fertility restoration for the single-cross 
hybrids are presented in Table 13. Table 14 shows the 
means of the single crosses with one parent in common and 
the means of the common parents for all characters measured. 
Grain yields of the single-cross hybrids ranged from a low 
of 1.03 kg/plot (33,2 q/ha; 53.0 bu./acre) for the Martin 
X R6 cross to a high of 2.34 kg/plot (75.5 q/ha; 120.3 
bu./acre) for the Combine Kafir 60 x R3 hybrid. In general, 
the crosses that gave the higher grain yields also tended 
to producs heavier seed? more seeds per head, and taller 
plants than did the other hybrids. 
Combine Kafir 60 gave the highest grain yield relative 
to the other female parents (Table 14). This also was 
Table 13. Means for grain yield, yield components, plant height, days to midbloom, and fertility 
restoration in single-cross hybrids grown in four environments 
Single-cross Heads/ Seeds/ Days to Fertility 









































































































































































1 kg/plot = 32.265 q/ha = 51.432 bu/acre. 
Means of 1973 and 1974 experiments at Ames. 
"Means of 1973 experiment at Ames. 
Table 13 (Continued) 
Single-cross Heads/ Seeds/ Days to Fertility 
hybrid (kg/plot)®' plant *'^(g) head midbloom restoration^ 
Kafir 60 X Rll 1.84 1.11 2.03 2124 138 76 9 
Kansas 24 x R1 1.77 1.15 2.18 1905 144 77 9 
X R2 1.91 1.11 2.34 1920 146 76 9 
X R3 1.83 1.11 2.40 1933 144 77 9 
X R4 1.87 1.33 3.35 1086 142 70 10 
K R5 1.95 1.19 2.68 1651 143 79 9 
X R6 1.24 1.30 2.87 848 134 73 7 
X R7 1.75 1.13 2.58 1639 127 75 8 
X R8 1.59 1.05 2.17 1874 116 76 9 
X R9 2.17 1.08 2.75 1985 157 77 10 
X RIO 1.85 1.07 2.20 2126 161 80 9 
X Rll 1.76 1.05 1.92 2264 130 78 9 
LSD, 5% 0.28 0.15 0.34 381 15 — — 
1% 0.36 0.21 0.45 506 19 - -
Check hybrid 
RS 6 Ù8 1.62 1.12 2.40 1530 125 76 8 
RS 610 1.82 1.19 2.69 1529 127 75 9 
RS 671 1.91 1.14 2.24 1838 131 79 10 
Table 14. Means! of single-cross hybri.ds with one parent in coiranon and the means of the common 
parents for grain yield, yield components, plant height, days to midbloom, and 
fertility resstoration based on data from four environments 
Common 
Grain yield 
(kg/'plot) ^ Heads/plcmt 
100-seed weight Seeds/head 
parent Mean of Mean of Mean of Mean of Mean of Mean of Mean of Mean of 
hvljrids parent hybrids parent hybrids parent hybrids parent 
Females 
Martin 1.89 1.14 1.19 1.02 2.58 2.22 1709 1312 
Kafir 60 1.96 1.19 1.17 1.08 2.79 2.39 1618 1257 
Kansas 24 1.79 1.12 1.14 1.02 2.49 2.13 1749 1375 
LSD, 5% 0.07 0.03 _ 0.06 _ 79 _ 
1% 0.09 — 0.04 - 0.08 - 104 — 
Males 
R1 2.03 1.31 1.18 1.34 2.40 2.23 1880 1217 
R2 2.09 1.01 1.15 1.26 2.61 2.15 1844 1065 
R3 2.08 1.08 1.13 1.29 2.62 2.24 1898 1053 
R4 1.98 1.08 1.44 1.99 3.38 3.31 1107 490 
R5 2.00 1.58 1.18 1.28 2.88 2.75 1551 1369 
R6 1.22 0.62 1.34 1.14 2.89 2.38 818 601 
R7 1.73 0.74 1.14 1.21 2.69 2.72 1505 578 
R8 1.74 1.29 1.09 1.04 2.38 2.30 1771 1459 
R9 2.15 1.32 1.09 1.02 2.70 2.25 2002 1614 
RIO 1.78 1.04 1.06 1.08 2.35 1.66 1957 1693 
Rll 1.86 0.99 1.11 1.08 1.94 1.61 2274 1617 
LSD, 5% 0.22 0.35 0.14 .0.31 0.25 0.55 320 439 
1% 0.30 0.47 0.3L9 0.42 0.33 0.75 432 591 
overall me«m 
a 
1.88 1.11 1.17 1.20 2.62 2.31 1692 1193 
1 kg/plot = 32.2G5 q/'ha = 51.432 bu/acre. 
Table 14 (Continued) 
Common 
parent 
Plant height (an) 
Mectn of Mean ol: 
hybrids parent ^  
Days; to midbloom 
Mean of Meéui of 
hybrids parent 
Fertility restoration 

















































































































Cleans of 1973 and 1974 eaqperiineiits at Ame;:. 
°*(eans of 1973 esqieriment at Ames. 
^eans of (X>miaon male and cœnmon female parents have the same LSD values. 
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reflected by the means of single crosses having Combine Kafir 
60 as the female parent. Although R5 gave the highest grain 
yield among the male parents, the highest mean yield was not 
obtained for the single crosses involving this parent. The 
highest average yield was shown by the single crosses in­
volving R9 as the pollinator, but the mean yield of R9 
per se ranked second among the male parents. In general, 
however, performance of the parents per se provided a good 
indication of the performance of the hybrids derived from 
them, especially for 100-seed weight, seeds per head, and 
days to midbloom. For these traits the means of the common 
male parents and the means of the hybrids involving the 
male parents were significantly correlated (Table 17). 
All single crosses were taller,- produced more seeds per 
head, and most of them showed heavier seed weights, and fewer 
days to midbloom than their common parents. The overall 
means indicated that the single crosses were superior to 
the parents for grain yield and for the components of yield, 
with the exception of heads per plant. The hybrids averaged 
four days earlier in midbloom, but 39 cm taller, than the 
parents. The performance of each hybrid in relation to 
its parents will be presented and discussed in more detail 
in the section on heterosis. 
Means over two locations for grain yield and the 
components of yield, and at one location for days to mid-
67 
bloom, are presented for each three-way hybrid in Table 15. 
The means of the three-way hybrids with one parent in common 
and the means of the common parents are given in Table 16. 
Grain yields of the three-way hybrids ranged from 0.85. 
kg/plot (27.4 q/ha; 43.7 bu/acre) to 1.87 kg/plot (60.3 
q/ha; 90.2 bu/acre) in the (A Martin x B Redlan) x R6 and 
(A Kafir 60 x Martin) x R2 hybrids, respectively. The means 
for the hybrids were superior to those of the parents for 
grain yield, 100-seed weight, and seeds per head, but not 
for heads per plant. Also, the hybrids were taller and 
nearly all of them bloomed earlier than did the parents. 
The male parent R9 was highest yielding as a line and the 
three-way hybrids involving this line had the highest mean 
yield. This line also produced the highest yielding group 
of single crosses. R5 yielded relatively poorer as a line 
in the three-way tests than it did in the single-cross tests, 
but its hybrids ranked nearly alike in both types of crosses. 
For nearly all characters, the means of the common male 
parents were correlated significantly with the performance 
of their three-way hybrids (Table 17). 
The corrélations given in Table 17 show a strong and 
consistent association between performance of the male parents 
per se and both types of hybrids for 100-seed weight and days 
to miabloom. For the other characters the coefficients are 
Table 15. Mean» for grain yield, yield components, plant height, and days to midbloom of three-


















(A Kafir 60 
X B Redlan) X :EU'. 1.60 1.09 2.62 1498 163 76 
X R:> 1.61 1.05 2.83 1373 160 75 
X R3 1.54 1.08 2.51 1545 168 75 
X R4 1.71 1.05 3.30 1273 165 71 
X R!) 1.51 1.10 2.66 1398 161 76 
X R(S 1.04 1.05 2.65 921 144 70 
X R7 1.19 1.04 2.77 1111 131 75 
X RS 1.40 1.02 2.42 1564 165 75 
X R'3 1.73 1.00 2.76 1761 139 74 
X RIO 1.17 1.01 2.19 1541 159 78 
X Rll 1.60 1.01 2.01 2031 141 76 
(A Martin 
X B Redlan) X R1 1.48 1.10 2.45 1513 162 75 
X R2 1.61 1.10 2.40 1616 163 77 
X R3 1.83 1.11 2.57 1654 166 75 
X R4 1.63 1.23 3.09 1097 164 71 
X R5 1.45 1.04 2.66 1325 152 77 
X R6 0.85 1.01 2.69 818 138 72 
X R7 1.25 1.05 2.49 1268 127 76 
X B8 1.46 1.06 2.44 1451 166 77 
X R9 1.77 1.00 2.93 1612 169 74 
X EiO 1.18 1.08 2.28 1352 161 78 
X Fill 1.12 1.09 1.95 1373 133 77 
a 1 kg/plot = 32.265 q/ha = 51.432 bu/acre. 
b 
Means of the experiment at Ames. 


















(A Kafir 60 


















































































































Means oi' three-way hybrids with one parent in common and the mean of the common parent 
for grain yield, yield coirçponents, plant height, and days to midbloom of three-way 


















A Kafir 60 x B Redlan 1.46 0.98 
X Mattin x B Redlan 1.42 0.75 

















































































































Overall mean 1.45 0.(58 1.06 1.06 2.56 2.20 
^1 kg/plol: = 32.265 q/ha = 51.432 bu/acre,. 
^Means of coiomon male and femals parents have the same LSD value. 



















A Kafir 60 X B Redlan 1456 947 154 129 75 79 
A Martin x B Redlan 1371 725 155 123 75 74 
A Kafir 60 X B Martin 1457 991 155 121 75 78 
LSD, 5% 77 _ ns _ — _ 
1% 103 — ns — — — 
Males 
Rl 1526 782 161 100 76 83 
R2 1538 822 162 108 76 81 
R3 1614 675 165 101 75 82 
R4 1166 542 164 126 71 71 
R5 1354 735 156 128 76 81 
R6 885 619 140 88 71 69 
R7 1177 577 129 91 75 78 
R8 1521 1065 167 124 76 84 
R9 1674 1090 153 114 74 81 
RIO 1490 1138 168 115 77 91 
Rll 1760 961 136 100 77 87 
LSD, 5* 364 426 10 14 — — 
1% 517 593 14 20 — — 
Overall mean 1428 876 155 111 75 80 
^Means of the experiment at Ames 
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Table 17. Correlations between mean performance of male parents 
(R-lines) as measured in lines per se and in hybrid combina­
tions, and between means of single-cross and three-way 
hybrids involving the male parents 
Correlation coefficient^ 
Character Parents vs. hybrids Single-crosses vs. 
SC-test TWH-test Three-w$y hybrids 
Grain yield 0.478 0.680* 0.963** 
100-seed weight 0.900** 0.910** 0.993** 
Seeds/head 0.808** 0.464 0.963** 
Plant height 0.476 0.660* 0.850** 
Days to midbloom 0.982** 0.929** 0.982** 
^SC-test = single-cross hybrid test; TWH-test = three-way hybrid 
test. All correlations have 9 degrees of freedom. 
^Significant at the 5% level of probability. 
""significant at the 1% level of probability. 
not so large and the similarity of performance of the male 
parents when used in single crosses and in three-way hybrids 
is not so close. Correlations between the data for single 
crosses and three-way hybrids involving common male parents 
were highly significant (P<0.01) for all characters measured# 
and the coefficients are sufficiently large to be of prsdicti 
value. 
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B. Combining Ability Analyses of Variance and 
Estimates of GCA and SCA Effects 
Mean squares for general (GCA) and specific combining 
ability (SCA) effects from the analyses of variance of 
individual environment data for single-cross and three-way 
hybrids, and for the data combined across locations and 
years for single crosses, are presented in Appendix Tables 
40, 41, and 42, respectively. Combining ability mean squares 
for the data combined over four environments for grain yield 
and its primary components in the single-cross hybrids are 
presented in Table 18. Differences among the hybrids were 
significant (P<0.01) for all characters. The mean squares 
attributable to male and female parentage of the hybrids 
provide a measure of GCA effects for these two parental 
groups, respectively. The data indicated that GCA effects 
were highly significant (P<0.01) for both males and females 
for all traits. The interaction between male and female 
effects provides a measure of SCA effects. This source of 
variation was highly significant (P<0.01) for grain yield, but 
not for the components of yield. The GCA (males) x environ­
ments interaction mean squares were highly significant for 
all characters. In contrast, the GCA (females) x environ­
ments interaction mean squares were not significant for any 
character. This indicates that the GCA effects for females 
were more consistent in their expression in the different 
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Tcible 18. Mean squares from combining ability analysis of variance for 
grain yield and yield components of single-cross hybrids 
grown in four environments 
Source of Degrees of Grain Heads/ 100-seed Seeds/ 
variation freedom yield plant weight head 
Among hybrids 32 0.646** 0.111** 1.262** 1,422,936** 
GCA (males) 10 1.660** 0.319** 3.291** 4,250,810** 
GCA (females) 2 0.621** 0.059** 2.077** 393,172** 
SCA (mxf) 20 0.142** 0.013 0.167 111,975 
Among hybrids x Env. 96 0.081* 0.025** 0.119** 148,469** 
GCA (males) x Env. 30 0.139** 0.058** 0.174** 296,275** 
GCA (females) X Env. 6 0.102 0.023 0.076 121,021 
SCA X Env. 60 0.050 0.008 0.096** 77,311 
Error 128 0.052 0.012 0.047 71,844 
CV, % 12,25 9.31 8.27 15.85 
Significant at the 5% level of probability. 
Significant at the 1% level of probability. 
environments than were the GCA effects for males. The SCA 
effects for 100-seed weight interacted significantly with 
environments, but for the other characters they did not. 
Mean squares for GCA effects for males and females and 
for SCA effects in three-way hybrids are shown in Table 19. 
Significant differences (P<0.05 or P<0.01) in GCA effects for 
males were indicated for all characters, but the GCA (females) 
75 
Table 19. Mean squéures from combining ability cinalysis of variance for 
grain yield and yield conçonents of three-way hybrids grown 
at two locations 
Source of Degrees of Grain Heads/ 100-seed Seeds/ 
variation freedom yield plant weight head 
Among hybrids 32 0.252** 0.011* 0.374** 298,806** 
GCA (males) 10 0.680* 0.021** 1.031* 805,446** 
GCA (females) 2 0.028 0.011 0.084 107,079* 
SCA (mxf) 20 0.061 0.006 0.075 64,658* 
Among hybrids x L 32 0.089** 0.007 0.127** 85,897** 
GCA (males) x L 10 0.178** 0.011 0.275** 159,908** 
GCA (females) x L • 2 0.009 0.012 0.242** 76,131 
SCA X L 20 0.053 0.005 0.042 49,868 
Error 64 0.043 0.006 0.045 32,874 
CV, % 14.32 7.18 8.28 12.70 
Significant at the 5% level of probability. 
**  
Significant at the 1% level of probability. 
effects were significant (P<0.05) only for seeds per head. 
SCA effects were significant (P<0.05) for seeds per head, 
but not for the other characters. The interactions of GCA 
(males) with locations were highly significant (P<Q^Q1) 
for all traits except heads per plant. However, the 
interactions of GCA (females) with locations were sig­
nificant only for 100-seed weight. The greater responsive­
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ness of the GCA (males) effects with environments is in har­
mony with the results shown for the single-cross hybrids. 
Table 20 shows the relative importance of the mean squares 
for different combining ability effects in the expression of 
each character. For both types of hybrids (single-cross and 
three-way hybrids), and for all characters, the variation at­
tributable to GCA (males) was larger than that for GCA (fe­
males). The highest ratio of mean squares for GCA (males) 
and GCA (females) in the single crosses was for the character 
seeds per head (10.8:1), and in the three-way hybrids the 
largest ratio was for grain yield (24.3:1). These results in­
dicated that the male parents used in my experiments contribu-
Table 20. Mean square ratios for GCA (males), GCA (females), and SCA for 










GCA (males): GCA (females) 2.7:1 5.4:1 1.6:1 10.8:1 
GCA (males): SCA 11.7:1 24.5:1 19.7:1 38.0:1 
GCA (females): SCA 4.4:1 4.5:1 12.4:1 3.5:1 
Three-way hybrids 
GCA (males); GCA (females) 24.3:1 1.9:1 12.3îl 7.5:1 
GCA (males); SCA 11.2:1 3.5:1 13.8:1 12.5:1 
GCA (females); SCA 0,551 1.8:1 1.1:1 1.7:1 
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ted more additive gene effects to the inheritance of all 
traits than did the female parents. In both types of hybrids 
and for nearly all comparisons the GCA effects for males and 
females were markedly larger than the SCA effects. The excep­
tions were grain yield and 100-seed weight of the three-way 
hybrids, where the GCA effects for females were comparable to , 
or smaller than, the SCA effects. The ratios were large enough 
in most instances to indicate a decided preponderance of 
additive gene effects in the expression of these characters. 
Estimates of GCA and SCA effects of the individual lines 
of both parental groups when combined into single-cross hy­
brids are presented for grain yield and its primary components 
in Tables 21 through 24. The GCA effects are numerical values 
assigned to parents according to their average performance 
in hybrid combinations. Significant differences existed for 
GCA (males) and GCA (females) for all traits (Table 18). 
Rl, R2, R3, and R9 exhibited large positive effects for grain 
yield among the male parents, while Combine Kafir 60 had the 
highest estimate of GCA effect among the female parents. 
The values for the GCA effects of these lines exceeded their 
standard error by two pr more times. Among the male parents, 
large positive OCA effects (i.e., two or three times their 
standard error) were indicated for heads per plant by lines 
R4 and R6, for 100-seed weight by R4, R5, and R6, and for 
seeds per head by R9, RIO, and Rll. Among the female 
parents, Martin, Combine Kafir 60, and Kansas 24 showed the 
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Table 21. Estimates of general and specific combining ability effects 
for grain yield of single-cross hybrids grown in four 
environments 
Females GCA effects 
Martin Kafir 60 Kansas 24 of males 
SCA effects 
R1 0.05 0.11 -0.17* 0.15* 
R2 0.03 0.05 -0.09 0.21* 
R3 -0.01 0.18* -0.16* 0.20* 
R4 0.02 -0.01 -0.02 0.10 
R5 0.08 -0.13 0.04 0.12 
R6 -0.20* 0.08 0.11 -0.66** 
R7 0.09 -0.20* 0.11 -0.15* 
R8 0.03 0.03 -0.06 -0.14 
R9 -0,07 -0.04 0.11 0.27** 
RIO -0.14 -0.01 0.16* -0.10 
Rll 0.11 -0.10 -0.01 -0.02 
GCA effects 
of females 0.01 0.08** -0.09** 
* 
Exceeds its standard error by two times. 
** 
Exceeds its standcurd error by three times. 
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Table 22. Estimates of general and specific combining ability effects 

































































of females 0.02* 0.00 -0.03** 
Exceeds its standard error by two times. 




Estimates of general and specific combining ability effects 
































































of females -0.04* 0.17** -0.13** 
* 
Exceeds its standard error by two times. 
Exceeds its standard error by thrso tisies» 
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Table 24. Estimates of general and specific combining ability effects 






















































of females 17 -74* 56* 
Exceeds its standard error by tm times. 
Exceeds its standard error by three times. 
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highest GCA values for heads per plant, 100-seed weight, and 
seeds per head, respectively. 
The SCA effects were obtained as the deviation of 
individual crosses from the average performance of their 
parents. The analysis for combining ability effects (Table 
18) indicated there were significant differences in SCA 
effects for grain yield, but not for the primary components 
of yield. Large SCA effects for grain yield were detected 
in the Combine Kafir 60 x R3 and the Kansas 24 x RIO 
hybrids. 
Estimates of the GCA and SCA effects for grain yield and 
the yield components as determined from the data recorded for 
three-way hybrids are presented in Tables 25 through 28. 
Significant GCA effects for males were indicated for all 
characters (Table 19), but GCA differences among female 
parents were found only for seeds per head. In general, the 
male parents ranked similarly in their contributions of GCA 
effects to the expression of grain yield in single crosses 
and three-way hybrids. R2 and R9 had the largest values 
for GCA effects for grain yield, R4 for heads per plant 
and 100-seed weight, and R9 and Rll for seeds per head among 
the male parents of three-way hybrids. The estimates of 
GCA effects for female parents of the three-way hybrids were 
appreciably lower than the GCA values for male parents. The 
significance (P<0.05) indicated for GCA (females) for seeds 
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Table 25. Estimates of general and specific combining ability effects 






X B Redlan 
A Kafir 60 




R1 0.09 0.01 -0.10 0.05 
R2 -0.10 -0.06 0.15 0.25* 
R3 -0.14 0.19 -0.05 0.22 
R4 0.07 0.03 -0.11 0.18 
R5 -0.02 -0.03 0.04 0.07 
R6 0.06 -0.09 0.03 -0.48#* 
R7 -0.02 0.08 -0.07 -0.25* 
R8 -0.05 0.05 -0.01 -0.01 . 
R9 -0.01 Ô.07 -0.07 0.28* 
RIO -0.09 -0.04 0.14 -0.20 
R3.1 0.20 -0.22* 0.00 -0.08 
GCA effects 
of females 0.01 -0.03 0.02 
* 
Exceeds its standard error by two times. 
** 
Exceeds its standard error by three tlmma. 
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Table 26. Estimates of general and specific combining ability effects 
for heads per plant of three-way hybrids grown at two locations 
Males 
Females 
A Kafir 60 
X B Redlan 
A Martin 
X B Redlan 
A Kafir 60 




























































of females -0.01 0.02* 0.00 
*Exceeds its standard error by two times. 
hit 
Exceeds its standard error by three times. 
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Table 27. Estimates of 
for 100-seed 
locations 
general and specific combining ability effects 
weight of three-way hybrids grown at two 
Females GCA effects 
of males Males 
A Kafir 60 
X B Redlan 
A Martin 
X B Redlan 
A Kafir 60 
X B Martin 
SCA effects 
R1 0.11 0.01 -0.12 -0.10 
R2 0.14 -0.22*. 0.07 0.08 
R3 -0.05 0.08 -0.02 -0.05 
R4 0.12 -0.02 -0.12 0.57** 





 0.12 0.15 
R6 -0.07 0.04 0.02 0.11 
R7 0.11 -0.10 -0.02 0.05 
R8 -0.06 0.03 0.02 -0.13 
R9 -0.03 0.21* -0.18 0.18 
RIO -0.19 -0.03 0.23* -0.23 
Rll 0.02 0.03 -0.05 -0.62** 
GCA effects 
of females 0.05 -0.02 -0.03 
Exceeds its standard error by two tiases. 
**Excesds its standard error by three times. 
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Table 28. Estimates of general and specific combining ability effects 
for seeds per head of three-way hybrids grown at two locations 
Males 
Females 
A Kafir 60 
X B Radian 
A Martin 
X B Redlan 
A Kafir 60 
















































of females 28 -57* 29 
"Exceeds its standard error by two times, 
** 
Exceeds its standard error by three times. 
87 
per head (Table 19) may have resulted, at least in part, from 
the negative GCA effect of the A Martin x B Redlan seed parent. 
Significant differences (P<0.05) in SCA effects in the 
three-way hybrids were indicated for seeds per head (Table 
19). The greatest SCA effect for this trait was exhibited 
by the (A Kafir 60 x B Redlan) x Rll hybrid. Although sig­
nificant differences for SCA effects were not indicated by 
the analysis of variance for 100-seed weight (Table 19), the 
estimates shown for this trait in Table 27 for the hybrids 
(A Martin x B Redlan) x &9 and (A Kafir 60 x B Martin) x 
RIO were relatively large, and they were more than twice 
the magnitude of their standard error. 
C. Heterosis and Heterobeltiosis 
Means of the single crosses and three-way hybrids, and 
the iTisans of their parents.- for grain yield and other ag­
ronomic characters were shown previously in Tables 13 through 
16. Values for percentage improvement of the hybrids above 
the mid-parent mean (heterosis) for grain yield, 100-seed 
weight, and seeds per head for the single-cross hybrids 
averaged over two locations for the 1973and 1974 experi­
ments are presented in Appendix Tables 47 and 48, respective­
ly. Values for percentage heterosis for these traits averaged 
over four environments are presented for the single-cross 
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hybrids in Table 29. 
Percentage heterosis for the single crosses varied ap­
preciably from cross to cross and among the characters. 
Heterosis values were the largest for grain yield, and the 
percentages for seeds per head usually were higher than 
those for 100-seed weight. The ranges of heterosis were 
from 17.1 to 106.2% for grain yield, -2.4 to 31.3% for 100-
seed weight, and -26.4 to 66.2% for seeds per head. The 
largest heterosis for grain yield and seeds per head was 
expressed by the Combine Kafir 60 x R3 cross, and for 100-
seed weight by the Combine Kafir 60 x RIO hybrid. Only one 
hybrid (Martin x R6) had a grain yield that was not sig­
nificantly higher than the mid-parent mean. Significant 
heterosis (P<0.05 or P<0.01) for 100-seed weight and for 
seeds per head was expressed by 15 and 21 hybrids, respective­
ly. 
Means of the heterosis values for single-cross hybrids 
were 67.5% for grain yield, 14.4% for 100-seed weight and 
34.6% for seeds per head (Table 31). Among the male parents 
R2 displayed the highest average heterosis for grain yield, 
R6 for 100-seed weight, and R3 for seeds per head. Among the 
female parents, Combine Kafir 60 displayed the highest 
average heterosis for grain yield and 100-seed weight, but 
Martin showed the greatest heterosis for seeds per head. 
Grain yields of the single-cross hybrids expressed as a 
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Table 29. Percentage heterosis for grain yield, 100-seed weight, seeds 
per head, and percentage grain yield relative to RS 610 of 
single-cross hybrids grown in four environments 
Hybrid 
Percentage heterosis 
Grain 100-seed Seeds/ 
yield weight head 
Grain yield 
as percentage 
of RS 610° 
Martin x  R1 69.9** 7.0 52.8** 115.2 
X R2 98.1** 16.3* 65.3** 117.4 
X R3 87.4** 17.0* 55.7** 114.6 
X R4 81.1** 26.8** 20.4 107.4 
X R5 53.7** 15.5* 15.4 115.2 
X R6 17.1 24.8** -26.4 56.8 
X R7 96.8** 9.7 60.3** 100.8 
X RB 46.5** 8.4 15.5 98.1 
X R9 69.9** 6.0 49.5** 115.2 
X RIO 51.4** 12.9 32.7** 90.9 
X Rll 85.9** -2.4 66.1** 109.1 
Kafir 60 x R1 76.9** 13.9 46.4** 122.3 
X R2 101.8** 29.5** 41.7** 122.3 
X R3 106.2** 23.1** 66.2** 128.9 
X JR4 80.6** 15.6* 31.4 113.0 
X R5 40.8** 20.6** 10.9 107.4 
X R6 52.5** 22.4** -2.8 76.0 
X R7 66.8** 9.2 49.2** 88.7 
X R8 49.2** 7.9 35.4 101.9 
X R9 74.5** 28.5** 27.6* 120.7 
X RIO 65.9** 31.3** 18.7 101.9 
X Rll 68.8** 1.5 47.8** 101.4 
Kansas 24 x R1 45.1** 0.0 45.1** 97.5 
X R2 79.3** 9.4 51.2** 105.2 
X R3 66.4** 9.8 56.3** 100.8 
X R4 70.0** 23.4** 18.7 103.0 
X R5 44.4*4 9.8 13.1 107.4 
X R6 42.5** 27.3** -17.2 68.3 
X R7 88.?** 6,4 54.4** 96.4 
X R8 31.9** -2.0 25.8* 87.6 
% heterosis = (F^-MP)/MP x 100. 
^Grain of RS 610 = 1.82 kg/plot (58.7 q/ha; 96.6 bu/acre). 
Significant at the 5% level of probability. 
** 
Significant at the 1% level of probability. 
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Table 29 (Continued) 








of RS 610b 
Kansas 24 x R9 77.9** 25.4** 33.9** 119.6 
X RIO 71.3** 16.1 27.6* 101.9 
X Rll 66.8** 2.7 52.0** 97.0 
Check hybrid 
• RS 608 31.2 5.3 22.4 89.3 
RS 610 45.6 13.8 25.1 100.0 
RS 671 70.5 1.4 65.0 104.9 
percentage of RS 610 (a widely adapted check hybrid) also 
are included in Table 29. According to the t-test deter­
mination, minimum values of 15.4 and 20.4%, respectively, 
were required for a single-cross hybrid to be significantly 
higher or lower yielding than RS 610 at the 5 and 1% levels 
of probability, respectively. The highest yielding hybrid 
(Kafir 60 x R3) produced 28.9% more grain than did RS 610, 
and most hybrids yielded more than the check hybrid. The 
highest yielding hybrid also displayed the highest per­
centage heterosis (Tables 13 and 29). 
Values for percentage improvement of the hybrid above 
the high parent (heterobeltiosis) for grain yield, lOO-seed 
weight, and seeds per head averaged over four environments 
are given for the single-cross hybrids in Table 30. The 
ranges of heterobeltiosis were from -9.6 to 96.6% for grain 
yield, -15.8 to 24.7% for lOO-seed weight, and -46.3 to 52.7% 
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Table 30. Percentage heterobeltiosis for grain yield, 100-seed weight, 









Martin x R1 58.3** 6.7 46.6** 
X R2 86.8** 14.4 49.8** 
X R3 82.5** 16.5 40.4** 
X R4 76.3** 6.1 -17.3 
X R5 32.3** 4.4 13.0 
X R6 -9.6 20.6* -46.3** 
X R7 60.5** -0.4 15.5 
X R8 38.0** 6.5 9.7 
X R9 58.3** 5.3 35.5** 
X RIO 44.7** -1.4 17.7 
X Rll 73.7** -15.8 50.4** 
Kafir 60 X Rl 68.2** 10.0 44.1* 
X R2 86.6** 23.0* 30.9 
X R3 96.6** 19.3* 52.7** 
X R4 72.3** -0.3 -8.7 
X R5 23.4* 12.4 6.4 
X R6 16.0 22.2* -28.2 
X R7 35.3** 2.6 8.9 
X R8 43.4** 5.9 26.0 
X R9 65.9** 24.7** 13.5 
X RIO 55.5** 11.3 3.4 
X Rll 54.6** -15.1 31.4* 
Kansas 24 x Rl 34.1** -2.2 36.7* 
X R2 70.5** 9.3 34.1* 
X R3 63=4** 7.1 38.0* 
X R4 67.0** 1.5 -19.5 
X R5 23.4* —2.6 12.8 
X R6 10.7 20.6* -40.5** 
X R7 56.3** -5.2 9.7 
X R8 23.3* -5.7 21.4 
X R9 64.4** 22.2* 24.0 
X RIO 65.2** 3.3 15.6 
X Rll 57.1** -9.9 40.6** 
% heterobeltiosis = (F^-HP)/HP x 100. 
* 
Significant at the 5% level of probability. 
** 
Significant at the 1% level of probability. 
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for seeds per head, with respective means for all crosses of 
53.1, 6.6 and 17.2%. Combine Kafir 60 x R3, the cross that 
displayed the highest percentage heterosis and yield rela­
tive to RS 610, also showed the largest percentage hetero-
beltiosis for grain yield. 
Percentage heterosis and heterobeltiosis for each of 
the three-way hybrids, and their means according to common 
male and female parents, are given in Tables 32, 33, and 
34, respectively. Marked heterosis and hêiêrobêltiosis 
percentages for grain yield were shown by nearly all crosses. 
Adversities of the growing conditions in 1974 have been dis­
cussed previously. The impact of these conditions seems to 
have been manifested strikingly in the heterosis and hetero­
beltiosis values. Performance of late maturing parental 
lines in 1*974 was atypical, and a full seed set on the male-
sterile single-cross seed parents was not always obtained. 
Both factors certainly contributed to somewhat biased 
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Table 31. Average heterosis and heterobeltiosis of single-cross hybrids 
with one parent in common for grain yield, 100-seed weight, 





















































































































HT = % heterosis. 
^HTB = % heterobeltiosis. 
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measurements in 1974, especially those for grain yield and 
seed size. As a result, the estimates presented for heterosis 
and heterobeltiosis, particularly those for the three-way 
hybrids that were grown only in 1974, undoubtedly are in­
flated to some degree and should be interpreted with some 
reservation. 
A larger range of heterosis among the three-way hybrids 
was obtained for grain yield (23.2 to 177.3%) than for 100-
seed weight (-2,1 to 42.1%) and seeds per head (9.8 to 
136.3%). Means of the heterosis values were 92.1% for grain 
yield, 10.2% for 100-seed weight, and 64.8% for seeds per 
head (Table 34). The line R3 produced three-way hybrids 
with considerably higher average heterosis for grain yield 
and seeds per head than did the other male parents. Among 
the female parents, the A Martin x B Redlan male-sterile 
single cross decidedly outperformed the other seed parents 
in contributing high heterosis for grain yield and seeds per 
head to its hybrids. Hybrids involving the A Kafir 60 x 
B Martin male-sterile single cross excelled in heterosis for 
100-seed weight. Of the 33 three-way hybrids, 21 were below 
and the others were equal to or above the grain yield of 
RS 610 (Table 32). For any cross, deviations in yield of 
26.3 and 35,6% above or below RS 610 were required for sig­
nificance at the 5 and 1% levels of probability, respective® 
ly. The highest yielding three-way hybrid I(A Kafir 60 x 
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Table 32. Percentage heterosis for grain yield, 100-seed weight, seeds 
per head, and percentage grain yield relative to RS 610 of 









of RS 610b 
(A Kafir 60 
X B Redlan) X R1 120.7** 13.2 73.3** 100.0 
X R2 91.7** 17.2 55.2** 100.6 
X R3 98.7** 3.9 90.5** 96.3 
X R4 98.4** 15.6 71.0** 106.9 
X R5 79.7** 2.9 66.2** 94.4 
X R6 29.2 3.5 17.6 65.0 
X R7 57.6* 7.6 46.1 74.4 
X R8 65.7** 6.1 55.6** 88.0 
X R9 93.3** 10.2 72.9** 108.1 
X RIO 50.0* 14.1 14.8 73.1 
X Rll 117.7** -1.5 112.9** 100.0 
(A Martin 
X B Redlan) X R1 142.6** 10.1 100.8** 92.5 
X R2 122.1** 3.0 108.9** 100.6 
X R3 177.3** 10.3 136.3** 114.4 
X R4 120.3** 11.6 73.2* 101.9 
X R5 101.4** 6.4 SI.5** 91.3 
X R6 23.2 8.7 21.7 53.1 
X R7 95.3** 0.0 94.8** 78.1 
X R8 100.0** 11.2 62.1** 91.3 
X R9 126.9** 21.1 77.6** 110.5 
X RIO 77.4-- 24.3 9.8 73.8 
X Rll 80.7** -0.3 62.9** 70.0 
(A Kafir 60 
X B Martin) X R1 102.3** 6.5 76.9** 88.8 
X R2 129.5** 17.8 79.2** 116.9 
X R3 118.7** 8.1 97.2** 102.5 
% R4 84.4** 9.8 47.3** 96.3 
X R5 93.9** 14.5 55.3** 98.8 
% S6 30.8 9.9 13.7 63.8 
®% heterosis = X 100. 
^Grain yield of RS 610 = 1.60 kg/plot (51.6 q/ha; 82.3 bu/acre). 
Significant at the 5% level of probability. 
**Significant at the 1% level of probability. 
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Table 32 (Continued) 
Percent heterosis* Grain yield 
Hybrid Grain lOO-seed Seeds/ as percentage 
yield weight head of RS 610b 
(A Kafir 60 
X B Martin) X R7 57.5* 5.1 47.1* 71.9 
X R8 76.8** 13.1 50.7** 90.6 
X R9 93.1** 11.2 58.4** 105.0 
X RIO 86.8** 42.1 15.9 88.1 
X Rll 95.8** -2.1 92.0** 86.9 
Check hybrid 
RS 608 21.7 5.8 13.4 80.6 
RS 610 46.8 8.6 30.6 100.0 
RS 671 84.3 6.3 52.3 80.6 
TêUble 33. Percentage heterobeltiosis for grain yield, 100-seed weight, 
and seeds per head of three-way hybrids grown at two 
locations 
Hybrid Grain 100-seed Seeds/ 
yield weiaht head 
X R1 63.3** -3.0 58.2** 
X R2 64.3** 4.8 44.9* 
X R3 57.1** -7.0 63.2** 
X P.4 74.5** 9.6 34.4 
X R5 54.1** -1.5 47.6= 
% R6 6.1 -1.9 -2.8 
X R7 21.4 2.6 17.3 
X R8 42.9** -10.4 46.9** 
X R9 76.5-* 2.2 61,7** 
X RIO 19.4 -18.9 -11-3 
X Rll 63.3** -25.6* 111.3** 
(A Kafir 60 
X B Redlan) 
(A Martin 
V B Redlan) x R1 97.3** 
X R2 114.7»* 




% heterobeltiosis = (F^-HP)/HP x 100. 
'significant at the 5* level of probability. 
^^Significant at the 1% level of probability. 
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X B Redlan) X R4 117.3** 2.7 51.3 
X R5 94.7** 5.1 80.3** 
X R6 13.3 6.3 12.8 
X R7 66.7** -1.6 74.9* 
X R8 94.7** -3.6 36.2 
X R9 118.5** 15.8 47.9* 
X RIO 57.3* -9.9 -22.1 
X Rll 49.3* -22.9 42.9* 
(A Kafir 60 
X B Martin) X R1 52.7** -4.6 58.2** 
X R2 101.1** 10.7 63.9** 
X R3 76.3** 1.7 65.8** 
X R4 65.6** -1.0 13.9 
X R5 69.9** 13.4 35.2 
X R6 9.7 9.9 -7.7 
X R7 23.7 4.5 16.4 
X RS 55.9** 0.0 45.5* 
X R9 80.7** 4.6 51.2** 
X RIO 51.6* 4.6 -9.2 
X Rll 49.5* -23.1 89.1** 
Check hybrid 
RS 608 18.4 3.0 10.0 
RS 610 46.8 7.1 28.1 
RS 671 65.4 -7.2 42.5 
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Table 34. Average heterosis and heterobeltiosis of three-way hybrids 
with parent in common for grain yield, 100-seed weight, and 
seeds per head based on data from two locations 
Common Grain yield 100-seed weight Seeds/head 
a b 
HT HTO HT HTB OT HTB 
Females 
A Kafir 60 
X B Redlan 82.1 49.4 8.4 -4.5 61.5 42.9 
A Martin 
X B Redlan 106.1 88.0 9.7 -1.3 75.4 58.4 
A Kafir 60 
X B Martin 88.1 57.9 12.4 1.9 57.6 38.4 
Males 
R1 121.9 71.1 9.9 -3.6 83.7 70.0 
R2 114.4 93.4 12.7 3.5 81.1 68.5 
R3 131.6 92.5 7.4 -1.2 108.0 85.7 
R4 101.0 85.8 12.3 3.8 63.8 33.2 
R5 91.7 72.9 7.9 5.7 67.7 54.4 
R6 27.7 9.7 7.4 4.8 17.7 0.8 
R7 70.1 37.3 4.2 1.8 62.7 36.2 
R8 80.8 64.5 10.1 -4.7 56.1 42.9 
R9 104.4 91.9 14.2 7.5 69.6 53.6 
RIO 71.4 42.8 26.3 -8.1 13-5 -14.2 
Rll 98.1 54.0 -1.3 -23.9 89.3 81.1 
Overall mean 92.1 65.1 10.2 -1.3 64.8 46.6 
^HT = % heterosis. 
= % heterobeltiosis. 
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B Martin)] x R2 produced 16.9% more grain than RS 610. 
Ranges among the individual hybrids for heterobeltiosis 
were 6.1 to 144.0% for grain yield, -25.6 to 15.8% for 100-
seed weight, and -22.1 to 128.1% for seeds per head, with 
the respective means for all three-way hybrids of 65.1, 
-1.3 and 46.6% (Tables 33 and 34). The highest hetero­
beltiosis percentages for grain yield and seeds per head 
were exhibited by the hybrid (A Martin x B Redlan) x R3. 
This hybrid also displayed the highest heterosis for grain 
yield. Mean heterobeltiosis percentages across all male 
parents also were appreciably larger for the crosses in­
volving A Martin x B Redlan than they were for hybrids with 
the other two female parents. 
D. Genetic Effect Analyses 
Analyses of variance for genetic effects in single-cross 
hybrids are presented for the individual environments in 
Table 49 in the Appendix. The combined analyses of variance 
for genetic effects for grain yield and yield components in 
the single-cross hybrids are presented in Table 35. Additive 
gene effects were highly significant (r<0.01) for all char­
acters. Likewise, significant heterotic effects were ex­
pressed for all characters except heads per plant. A sig­
nificant difference (P<0.05) between the means of male and 
female parents (a) was shown for seeds per head, but not for 
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Table 35. Mean squares from analyses of variance forgenetic effects 
for grain yield and yield components of single-cross hybrids 
from data combined over four environments 
























Additive effects x Env. 39 
a X Env. 3 
a. X Env. 6 
a?. X Env. 30 
Heterosis x Env. 
h X Env. 
h. X Env. 
X Env. 

































Significant at the 5% level of probability. 


























Table 35 (Continued) 
Source of Degrees of 100-aeed _ , .. _ 
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a X Env. 
a. X Env. 
X Env. 
Heterosis x Env. 99 
h X Env. 
h. X Env. 
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CV, % 9.27 16.31 
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the other characters. Additive effects contributed by the male 
and female parents (aj^ and a^) were highly significant for 
all characters with the exception of the female parent contri­
bution to the expression of heads per plant. Among the 
partitioned components of heterosis, the mean square for 
average heterosis (h) was larger for all characters than 
the other components. This component was significant 
(P<0.05 or P<0.01) for all traits except heads per plant. 
Heterosis due to females (hy), a measure of the average 
contribution of each female parent to the deviation from 
average heterosis, was significant (P<0,05) only for 100-seed 
weight. Heterosis due to males (h%), however, was signifi­
cant (P<0.05 or P<0.01) for all characters. Specific 
heterosis (Sjj^), the effect of specific interaction among 
male and female parents, was significant for all traits 
except heads per plant. 
Mean squares for the additive effects x environments 
interactions were highly significant (P<0.01) for all traits 
(Table 35). Among the subdivision components of additive 
effects, the interaction of âj effects with environments was 
not significant for any character. In contrast, the aj. % 
environments interaction was highly significant (P<0.01) 
for all characters, and â interacted significantly with 
environments for grain yield and heads per plant. Signifi­
cant differences for the heterosis x environments interactions 
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were indicated for 100-seed weight and seeds per head, but not 
for grain yield and heads per plant. Among the subdivision 
components of heterosis, significant interactions with en­
vironments were found for the h effects for all traits, the 
hj^  effects for all traits except grain yield, and the Sjj^  
effects for 100-seed weight. 
Analyses of variance for genetic effects in three-way 
hybrids are presented for the individual environments in 
Table 50 in the Appendix. Table 36 presents the combined 
analyses of variance for genetic effects for grain yield and 
yield components for the three-way hybrids. Additive gene 
effects were significant (P<0.05 or P<0.01) in the expression 
of all characters. Similarly, heterotic responses were sig­
nificant (P<0.01) for all characters except heads per plant. 
A highly significant difference between the means of male 
and female parents la) was shown for 100-seed weight, but 
this source of variation was not significant for the other 
characters. With the exception of seeds per head, additive 
effects due to females (a^) were not significant, but additive 
effects due to males (a^^ were large and exceeded either the 
5 or 1% probability level for ail characters. Although sig= 
nificant differences for the parents vs. hybrids (ïï) source of 
variation were not indicated for grain yield and for the 
components of yield, this mean square was large for most 
characters relative to those for the other components of 
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Table 36. Mean squares from analyses of variance for genetic effects 
for grain yield and yield components of three-way hybrids 
























































Additive effects x L 13 
a X L 1 
a. X L 2 
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h X L 
h • X L 





















"significant at the 5% level of probability. 
**Signifleant at the 1% level of probability. 
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Locations (L) 1 25.767** 159,386* 
Replications/L 2 0.022 81,605 


































Entries x L 46 0.185** 92,479** 
Additive effects 
a X L 
a. X L 














Heterosis x L 
h X L 
h, X L 
















Pooled error 92 0.040 30,957 
CV, % 8.14 13.93 
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heterosis. The contribution of hj effects to the variation 
in the hybrids was not significant for any of the characters. 
Heterosis due to males (h^j was significant for grain yield 
and seeds per head. Specific heterosis was significant for 
100-seed weight and seeds per head. 
Significant (P<0.01) interactions for additive gene ef­
fects with locations were indicated for all characters except 
heads per plant. Among the components of additive gene ef­
fects, significant interactions with locations were found 
for the â effects for grain yield and seeds per head, the aj 
effects for heads per plant and 100-seed weight, and the a% 
effects for all traits except heads per plant. Significant 
differences for the heterosis x locations interactions were 
shown for all traits except heads per plant. Among the sub­
division components of heterosis, significant interactions 
with locations were found for the K and effects for all 
characters except head per plant, and for the hj effects 
for 100-seed weight. 
Means were predicted for grain yield and the yield 
components by adding the estimated effects as indicated in 
the genetic model. Predicted means are compared with the 
observed means for single crosses and three-way hybrids in 
Tables 37 and 38, respectivley. Predicted means for the 
hybrids included the a^, a^^, R, hj, and h^ estimated gene 
Table 37. Observed and predicted means for grain yield amd yield components of single-cross 
hybrids groviii in four enviionments* 
Grain yield 100-seed 
(kg/plot) Heads/plant: weight (?) Seeds/head 
Y Y Y y Y Y Y Y 
Martin x R1 2.09 2.04 1.20 1.20 2.38 2.35 1923 1897 
X R2 2.13 2.10 1.15 1.17 2.54 2.56 1965 1860 
X R3 2.08 2.09 1.10 1.15 2.61 2.58 1842 1915 
X R4 2.01 1.99 1.54 1.46 3.50 3.34 1085 1123 
X R5 2.09 2.01 1.22 1.20 2.87 2.84 1547 1568 
X R6 1.03 1.23 1.34 1.36 2.87 2.84 704 835 
X R7 1.83 1.74 1.14 1.16 2.71 2.65 1515 1525 
X R8 1.78 1.75 1.15 1.11 2.45 2.34 1601 1788 
X R9 2.09 2.16 1.08 1.11 2.37 2.66 2187 2018 
X RIO 1.65 1.79 1.05 1.08 2.19 2.31 1993 1974 
X Rll 1.98 1.87 1.16 1.13 1.87 1.87 2432 2290 
Kafir 60 X R1 2.22 2.10 1.18 1.18 2.63 2.57 1811 1805 
X R2 2.22 2.16 1.17 1.15 2.94 2.78 1645 1770 
X R3 2.34 2.16 1.17 1.13 2.85 2.79 1919 1824 
X R4 2.05 2.05 1.44 1.44 3.29 3.55 1148 1033 
X R5 1.95 2.07 1.12 1.18 3.09 3.05 1456 1478 
X R6 1.38 1-29 1.36 1.34 2.92 3.06 903 745 
X R7 1.61 1.81 1.15 1.14 2.79 2.86 1369 1434 
X R8 1.85 1.82 1.07 1.09 2.53 2.55 1838 1697 
X R9 2.19 2.23 1.09 1.09 2.98 2.87 1832 1928 
X RIO 1.85 1,86 1.05 1.06 2.66 2.52 1751 1883 
X Rll 1.84 1,94 1.11 1.11 2.03 2.11 2124 2200 
= observed mecins; $ = predici:ed mean. Predicted means are obtained by adding esti­
mated effects as indicated in the genetic model. 
Table 37 (Continued) 
6i:ain yield 100-seed 
Hybrid (kg/plot) Hiaads/plant weight (g^ Seeds/head 
y Y Y Y Y Y Y Y 
Kansas 24 X R1 1,77 1.94 1.15 1.15 2.18 2.27 1095 1936 
X R2 1.91 2.00 1.11 1.12 2.34 2.48 1920 1900 
X R3 1.83 2.00 1.11 1.10 3.40 2.49 1933 1955 
X E4 1.87 1.89 1.33 1.41 3.35 3.25 1086 1163 
X R5 1.95 1.90 1.19 1.15 2.68 2.75 1651 1608 
X R6 1.24 1.13 1.30 1.31 2.87 2.76 848 875 
X R7 1.75 1.64 1.13 1.11 2.58 2.57 1639 1564 
X R8 1.59 1.65 1.05 1.06 2.17 2.27 1874 1828 
X R9 2.17 2.06 1,08 1.06 2.75 2.57 1985 2058 
X RIO 1»84 1.70 1.07 1.03 2.20 2.22 2126 2013 
-
X Rll 1.76 1.77 1.05 1.08 1.92 1.81 2264 2330 
96. 19 97. 44 94. 94 97.24 
Table 38. Obser\red auid predicted^meanK for grain yield and yield components of three-way hybrids 
grown at two locations 
Grain yield 100-seed 
Hybrid (kg/plot) Heads/plant weight (g) Seeds/head 
Y Y Y y Y Y Y Y_ 
(A Kafir 60 
X R1 1.60 1.51 1.09 1.06 2.62 2.51 1498 1555 
X R2 1.61 1.71 1.05 1.06 2.83 2.69 1373 1566 
X R3 1.54 1.68 1.08 1.06 2.51 2.56 1545 1642 
X R4 1.71 1.64 1.05 1.14 3.30 3.17 1273 1194 
X R5 1.51 1.53 1.10 1.06 2.66 2.76 1398 1382 
X R6 1.04 0.98 1.05 1.02 2.65 2.72 921 913 
X R7 1.19 1.21 1.04 1.03 2.77 2.66 nil 1205 
X R8 1.40 1.45 1.02 1.01 2.42 2.48 1564 1545 
X R9 1.73 1.74 1.00 0.99 2.76 2.79 1761 1702 
X RIO 1.17 1.27 1.01 1.02 2.19 2.38 1541 1518 
X Rll 1.60 1.38 1.01 1.03 2.01 1.99 2031 1788 
(A Martin 
X B1 1.48 1.47 1.10 1.09 2.45 2.44 1513 1469 
X pa 1.61 1.67 1.10 1.10 2.40 2.62 1616 1481 
X R3 1.83 1.64 1.11 1.09 2.57 2.49 1654 1557 
X R4 1.63 1.60 1.23 1.18 3.09 3.10 1097 1109 
X R5 1.46 1.49 1.04 1.10 2.66 2.69 1325 1297 
X R6 0.85 0.94 1.01 1.05 2.69 2.65 818 828 
X R7 1.25 1.17 1.05 ' 1.07 2.49 2.59 1268 1120 
X R8 1.46 1.41 1.06 1.04 2.44 2.41 1451 1464 
X R9 1.77 1.70 1.00 1.02 2.93 2.72 1612 1617 
X lao 1.18 1.22 1.08 1.05 2.28 2.31 1352 1434 
X Ull 1.12 1.34 1.09 1.06 1.95 1.92 1373 1702 
= Observed mean; Y = predicted mean, 
effects as indicaited in the gentic mo<3el. 
Predicted means are obtained by adding estimated 





weight (g) Seeds/head 
Y Y 
(A Kafir 60 
X B Martin) X RI 1.42 1.52 1.04 1.08 2.31 2.43 1568 1555 
X R2 1.87 1.71 1.09 1.08 2.68 2.60 1624 1566 
X R3 1.64 1.69 1.04 1.08 2.46 2.48 1643 1643 
X R4 1.54 1.64 1.20 1.16 2.98 3.09 1129 1195 
X R5 1.58 1.53 1.11 1.08 2.80 2.67 1340 1383 
X Re 1.02 0.99 1.05 li04 2.66 2.63 915 913 
X RT 1.15 1.21 1.06 1.05 2.56 2.57 1153 1206 
X REI 1.45 1.45 1.00 1.03 2.42 2.39 1549 1550 
X R9 1.68 1,74 1.02 1.01 2.53 2,71 1648 1702 
X R].0 1.41 1.27 1.01 1.03 2.53 2.30 1579 1519 




31 80.86 95,07 95.10 
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effects, and excluded the Sjj^ effects. The estimates made by 
this procedure account for about 95 to 97% of the variation 
for nearly all characters in both types of hybrids. These 
results indicated that specific heterosis (sy^) effects were 
not of great importance in determining the expression of 
these characters. A noteworthy exception was the character 
heads per plant in the three-way hybrids, where the model 
accounted for approximately 81% of the variation. The 
observed and predicted means listed in Tables 37 and 38 are 
very similar in a vast majority of the comparisons for all 
characters. 
E. Correlations Among Characters 
Phenotypic, genotypic and environmental correlations 
among five characters were estimated for three types of 
populations. The data were grouped for parents, hybrids, 
and the combined entries (parents plus hybrids). The cor­
relation coefficients estimated for each type of population 
from the combined analyses of variance and covariance for 
single-cross and three-way hybrids are given in Table 39. 
Generally, the phenotypic correlations for grain yield 
with seeds per head and for grain yield with plant height 
were positive, large, and significant. Close associations of 
these two characters with grain yield have often been ob-
Table 39. Genoty]?d.c, phenotypic and environmental correlations among five characters for parents, 
hybridsr and combined entries (parents plus hybrids) from data combined over environ­
ments® 
Characters correlated Single-cross Three-way hybrid 
P H P+H P H P+H 









































































Genotypic correlations listed first, phenotypic second, and environmental third; P = peurent, 
H = hybrid. 
^Degrees of f:reedom for phenotypic correlations were 11 for P, 30 for H, and 44 for P+H for 
both tj^pes of hylnrids. Degrees of freedom for environmental correlations were obtained by using 
the methods att&chad to the equation used to calculate these correlations. 
°(3ombined data from four environments, 1973-1974. 
d Combined data from two locations in 1974. 
Significant at the 5» level of probability. 
**Significamt at the 1% level oi probability. 
Têûale 39 (Continued) 




Heads/plant vs. 100-seed weight 0.857 0.775 0.666 0.595 0.583 0.503 
0.721** 0.695** 0.594** 0.461 0.326 0.352* 
0-181 0.309** 0.249** 0.229 0.087 0.176 
Heads/plant vs. seeds/Iiead -0.711 "0.834 -0.675 -0.654 -0.369 -0.330 
-0.632* "0.722** -0.613** -0.568** -0.292 -0.300 
-0.258 "0.494** -0.305** -0.413 -0.244 -0.333* 
Heads/plant vs. filcint height 










-0.764 -0.787 -0.441 
-0.722** -0.775** -0.455** 










-0.840 -0.512 -0.022 
-0.707** -0.492** -0.110 






















Seeds/head vs. plant height 0.366 -0.061 0.440 0.323 0.249 0.744 
0.316 -0.066 0.400** 0.249 0.279 0.664** 
-0.177 -0.104 -0.195* -0.145 0.469** 0.026 
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served in experiments with sorghum. The phenotypic cor­
relations for grain yield with 100-seed weight varied 
considerably from population to population, with the 
largest coefficients obtained in the three-way hybrid 
tests. Grain yield was not correlated significantly with 
heads per plant in any of the population types. For the 
associations among characters other than grain yield, 
positive phenotypic correlations were found for heads per 
plant with 100-seed weight, 100-seed weight with plant 
height, and seeds per head with plant height, in contrast, 
strong negative correlations existed for seeds per head with 
heads per plant, and for seeds per head with 100-seed weight. 
Discussion of the genotypic correlations warrants special 
emphasis because they provide the best indication of the ef­
fectiveness of selection and of correlated response among 
characters. Genotypic correlations between grain yield and 
heads per plant tended to be low and most often they were 
negative. An exception was the three-way hybrids where a 
positive coefficient of 0.400 was obtained between these 
characters. The genotypic correlations between these 
characters ranged from -0.277 to 0.400 for the different 
population types. Grain yield correlations with 100-seed 
weight differed considerably among the populations, ranging 
from -0.027 to 0.575. Correlations between these characters 
were positive and quite strong for all groups within the 
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three-way hybrid test, but this was not true for the single-
cross test. Grain yield showed a high correlation with 
seeds per head in nearly all population groupings. The 
coefficients were large (0.531 to 0.798), except for parents 
in the three-way hybrid test (0.088). Strong genotypic 
correlations also were observed between grain yield and 
plant height (0.520 to 1.166) for all population categories. 
Heads per plant showed moderate to strong genotypic 
correlation with 100-seed weight (0.503 to 0.857), but the 
genotypic correlations of heads per plant with plant height 
were low for all groups (-0.037 to 0.230). The genotypic 
correlations of seeds per head with heads per plant were 
negative in all comparisons (-0.330 to -0.834). Likewise, 
all genotypic coefficients for seeds per head with lOO-seed 
weight were negative (-0.022 to -0.840). Usually the nega­
tive correlations for these traits were quite strong, except 
for the calculation that combined the data for the three-
way hybrids and their parents. The strong associations among 
these characters may reflect, to some degree, the fact that 
the seeds per head values were estimated from the division of 
grain yield by heads per plant and 100-seed weight. With the 
exception of the single-cross hybrids, the genotypic cor­
relations between seeds per head and plant height were of 
moderate magnitude. Over all population groups, the 
coefficients ranged from -0.061 to 0.744. Positive genotypic 
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correlations of moderate magnitude also were observed for the 
association of 100-seed weight with plant height (0.345 to 
0.588). 
Positive environmental correlations were obtained for 
all but one of the combinations of the population types and 
characters involving grain yield. Nearly all of these en­
vironmental correlations were low or of moderate magnitude. 
Heads per plant showed positive environmental correlations 
with grain yield, 100-seed weight, and plant height, but 
heads per plant and seeds per head were correlated negative-
ly. Again, these correlations either were low or they were 
of moderate magnitude. Seeds per head also showed negative 
environmental correlations with 100-seed weight and plant 
height in all but two instances. All but one of the 100-
seed weight vs. seeds per head correlations were significant 
(P<0.01) and the coefficients were medium to moderately high 
in magnitude. For the association of 100-seed weight and 
plant height, positive environmental correlations were ob­
tained in the single-cross group but the coefficients for the 
three-way hybrid group were negative. 
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V. DISCUSSION 
Results from the analyses of variance for combining 
ability for single-cross and three-way hybrids followed a 
similar trend. Most of genetic variation for each character 
measured was associated with significant GCA effects of the 
male parents. The mean square for GCA (males) was larger 
than GCA (females) for each character, indicating greater 
genetic diversity among the male parents. These results 
are not unexpected since the male parents are lines of 
recent derivation from exotic source materials, while the 
female parents are either lines adapted to production in 
the midwest or hybrids between adapted lines. 
The GCA effects for the female parents were signifi­
cant for all traits in the single crosses, but not in the 
three-way hybrids. This contrast may be related in part 
to differences in the genetic constitution of the female 
parents of single-cross and three-way hybrids. Both parents 
of the single crosses are highly inbred (P=l), whereas the 
female parents of the three-way hybrids are heterozygous 
F^'s (F=0). The F-j^ seed parents of the three-way hybrids 
involved inbred lines in common in some cases. Also, there 
were fewer degrees of freedom for testing GCA (females) 
effects, thereby necessitating a higher F ratio as an indi­
cation of significance. 
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The mean squares for GCA effects, particularly those 
of the male parents, were appreciably larger than the mean 
squares for SCA effects for all traits. These results 
suggest that additive gene effects are relatively more 
important than other types of gene action in the variation 
expressed for these characters. SCA effects were signifi­
cant in the expression of grain yield in the single crosses 
and seeds per head in the three-way hybrids, however, indi­
cating that non-additive gene effects also contributed to the 
variation observed for these characters. 
The close association between average performance of 
the male parents in single crosses and in three-way hybrids 
provided another indication that GCA effects were highly 
important in the expression of all traits. Therefore, it 
appears that preliminary screening of the relative po­
tential of these male parents for use in hybrid combinations 
could be accomplished effectively by crossing them to a few 
tester lines and comparing the performance of these hybrids. 
This initial screening should serve to identify those lines 
that merit more extensive evaluation in specific hybrid 
combinations. 
Sprague and Tatum (1942) found that highly selected 
lines of maize showed relatively larger variances for SCA 
than for GCA effects. The opposite was true when sets of 
untested lines were used. The male parents used in my study 
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had been subjected to a minimum amount of testing and 
selection; therefore, high variances for GCA might be ex­
pected. In contrast, the female parents used in my 
single-cross experiments were highly selected lines that 
are used frequently in commercial hybrids that are grown 
throughout the sorghum production regions of the United 
States. Considering the nature of the female parents, one 
might have expected that the variances for SCA effects would 
prove to be relatively greater than those for GCA effects 
in hybrids involving these female parents. 
The genetic model that I derived was a modification 
of the general model of Eberhart and Gardner (1966). The 
single model accounted for effects of the parents and 
hybrids, and provided clear insight to the importance of 
additive and dominance gene effects when sets of fixed 
lines are evaluated. The difficulty when the conventional 
model is used to analyze the data is that the mean square 
due to SCA effects is the only test of non-additive gene 
effects, whereas the parents vs. hybrids mean square also is 
attributable entirely to non-additive gene effects. There­
fore, clear information on types of gene effects may not be 
discernable if data for parents as well as hybrids are not 
included in the evaluation of fixed lines. 
When the data from my experiments were subjected to 
analyses for genetic effects by using this genetic model the 
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results indicated that for both types of hybrids additive 
and dominance gene effects (heterosis) accounted for a 
significant (P<0.05 or P<0.01) portion of the variation for 
all characters except heads per plant. The range in ex­
pression for heads per plant was quite small, but only 
the additive gene effects were significant (P<0.01). 
The results obtained for each trait in the single-cross 
and three-way hybrid tests were similar. For grain yield, 
mean squares for both additive gene effects and heterosis 
sources of variation were significant {r<0.05 or P<0.01). 
Magnitudes of the mean squares for the two sources were rela­
tively comparable (Tables 35 and 36), although the values 
were slightly larger for the dominance gene effects 
(heterosis) in both types of hybrids. These results are in 
agreement with those of Patanothai and Atkins (1974), and 
Starks et al. (1970), who also found that both additive 
and dominance gene effects were of major importance in the 
variation expressed for grain yield in sorghum. Although 
both additive effects and. heterosis sources of variation 
were significant (P<0. w» or P<0.01) in the analyses for 100-
seed weight and seeds per head, the mean squares for additive 
effects were much larger. This was true in both the single-
cross and three-way hybrid tests that encompassed several 
environments, thereby suggesting that additive gene effects 
may consistently be of major importance in the expression of 
121 
these traits. 
Examination of the partitioned components of additive 
effects shows that the variation attributable to male 
parents (ajç) were significant (P<0.05 or P<0.01) for grain 
yield and all the components of yield in both the single-
cross and three-way hybrids. Also, in most instances, the 
mean squares for additive effects of the male parents were 
decidedly larger than those for either the female parent 
(Bj) or male vs. female parent effects (â). Thus, the 
contribution of additive gene effects to the expression of 
all characters analyzed strongly reflects the impact of the 
diverse male parental group on the performance of the 
hybrids. 
Perusal of the subdivision components of the variation 
attributable to heterosis indicated that, apart from the 
large average heterosis effects (h), heterosis effects due 
to male parents (h%) were particularly important in the 
variation expressed for each character. In contrast, 
heterosis effects due to female parents (by) generally were 
not important. A very large portion of the dominance gene 
effects for all characters, except heads per plant, was 
accounted for by the average heterosis (h) source of varia­
tion. Although statistical significance was indicated for 
the specific heterosis (Sj^) contribution in some instances. 
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this means square usually was relatively small. It ap­
pears, therefore, that dominance effects in these plant 
materials were not manifested strongly by specific crosses. 
Comparisons of means of the parents and hybrids (Tables 
10, 14 and 16) showed that the hybrids produced higher grain 
yield, larger seeds, more seeds per head, taller plants, and 
required fewer days to reach midbloom. These manifesta­
tions of heterosis are in agreement with those reported by 
Kirby and Atkins (1968), Quinby (1963), and others in 
studies of heterosis in grain sorghums. The results of my 
experiments, however, did not show heterosis for heads per 
plant, whereas other reports (Niehaus and Pickett, 1966; 
Quinby, 1963) indicated that tiller number of the hybrids 
was greater than the mid-parent value. 
The percentages for heterosis and heterobeltiosis for 
grain yield in my experiments were strikingly high, es­
pecially those calculated from data obtained in the threes 
way hybrid tests in 1974. Large values for heterosis are 
expected when geographically diverse, and presumably genetical­
ly diverse, parent are crossed, because genetic diversity 
is a key to the expression of heterosis= Niehaus and Pickett 
(1966) reported that the highest yielding sorghum hybrid 
in the study that involved both exotic and adapted parental 
lines gave a grain yield of 182.6% above the mid-parent mean. 
They observed further that hybrids having an introduced 
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line as one parent usually yielded more and gave higher 
heterosis percentages than did F^'s that did not have an 
introduced line as a parent. The levels of heterosis for 
grain yield just cited and the values presented from my 
experiments (17.1 to 106.2% for single crosses and 23.2 to 
177.3% for three-way hybrids) are markedly greater than 
those usually attributed to heterosis in grain sorghum. 
Heterosis of this magnitude is likely to be encountered 
only when lines that contrast sharply for genetic diversity 
or height genes are crossed, Casady (1965) demonstrated 
that the unstable height gene (Dw^) in sorghum had an 
appreciable effect on grain yield as well as on plant height 
and other characters. 
Environmental conditions at the test sites (stressed 
or non-stressed) also may affect the levels of heterosis 
that are expressed. The unfavorable growing conditions that 
prevailed in 1974 at both of my testing locations most cer­
tainly had an impact on heterosis and heterobeltiosis values, 
particularly those for grain yield. The three-way hybrids 
were tested only in 1974,- thus these values may be particu­
larly atypical and inflated. But, the means over four en­
vironments for the single-cross hybrids also reflect the 
adversities of the 1974 season to some degree. Therefore, 
percentage heterosis and heterobeltiosis for the combined 
locations of the 1973 single-cross tests (Appendix Table 
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47) may be more representative of the values that one might 
expect under favorable conditions than are the values pre­
sented in Tables 29 and 30. 
Percentage heterosis and heterobeltiosis for seeds per 
head were higher than those for 100-seed weight. This rela­
tionship, together with the high phenotypic and genotypic 
correlations between grain yield and seeds per head, indi­
cated that seeds per head was the yield component that had 
the greatest effect on grain yield of the hybrids, and on 
their performance relative to the mean of their parents. 
These results are in general agreement with those reported 
in sorghum by other investigators (Blum, 1970; Kambal and 
Webster, 1966; Quinby, 1963). Heterosis and heterobeltiosis 
values for 100-seed weight for some crosses, however, were 
of considerably high magnitude. For these crosses, the 
manifestations of heterosis for grain yield seem dependent 
to some extent on seed size as well as seeds per head. 
The phenotypic and genotypic correlations presented in 
Table 39 followed a similar trend, i.e., when the phenotypic 
correlations were large usually the corresponding genotypic 
correlations also were large. In most comparisons, however^ 
the estimates for genotypic correlations were larger than 
those for phenotypic correlations. Phenotypic correlations 
among the characters measured in my experiments agree 
generally with those presented for these traits in other ] 
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reports (Kirby and Atkins, 1968; Niehaus and Pickett, 1966). 
Phenotypic correlations between grain yield and seeds 
per head were large for most groups of populations in both 
the single-cross and three-way hybrid tests. High pheno­
typic correlations between these two traits also have 
been reported by other investigators (Beil and Atkins, 1967; 
Blum, 1970; Kambal and Webster, 1966; Kirby and Atkins, 
1968). Selection for a high number of seeds per head, 
therefore, should lead to an increase in grain yield. The 
phenotypic correlation between grain yield and seeds per 
head was near zero (0.070), however, among parents of the 
three-way hybrids. This low correlation may be due partly 
to the fact that high numbers of seeds per head were counter­
balanced in the adverse 1974 season by small seed size. 
Consequently, in this group of parents, seeds per head did 
not contribute strongly to grain yield as usually is ob­
served. Support for this conclusion is indicated by the 
high negative correlation (-0.707) between 100-seed weight 
and seeds per head for this parental group. Without stressed 
conditions, like those that prevailed in 1974, the associa­
tion between grain yield and seeds per head usually has been 
high. 
Seed weight appeared to contribute less to grain yield 
in the single crosses than it did in the three-way hybrids. 
Phenotypic and genotypic correlations between these traits 
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were near zero in the single-cross tests, while they showed 
modest (but not significant) correlation in the three-way 
hybrids. Again, these values should be considered with re­
gard to the environments encountered. Coefficients for the 
single crosses combine data from both favorable and unfavor­
able growing seasons, but the values for three-way hybrids 
reflect the association under the stressed conditions of 
1974 only. Malm (1968) evaluated eight exotic R-lines of 
sorghum by test-crossing onto four A-lines and found that 
grain yield and lOOO-kernel weight were correlated signifi­
cantly (P<0.01). Liang et al. (1969), however, reported 
contrary results for the association between grain yield and 
1000-kernel weight. They found that these traits correlated 
positively in one cross, but negatively in another. Thus, 
the association between these traits seems to vary appreciab­
ly. depending on nature of the parents involved in the 
crosses and on environmental conditions in which the 
materials are tested (i.e., stressed or non-stressed condi­
tions). Most investigators have concluded that the contri­
bution of seed size to grain yield is less important than 
that of seeds per head (Beil and Atkins, 1367; Kambal and 
Webster, 1966; Kirby and Atkins, 1968; Malm, 1968, Niehaus 
and Pickett, 1966). My results generally lend support to 
this conclusion. 
The results from my experiments do not indicate that 
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grain yield is strongly associated with the number of heads 
per plant. Correlations listed for these characters are both 
positive and negative, but none are strong (or significant). 
The negative correlation in single-cross hybrids, however, 
agrees with results of Kirby and Atkins (1968) and Beil and 
Atkins (1967) who found significant correlations of about 
-0.42 between these characters. These results support the 
conclusion that plants that bear one large head with many 
seeds should be the highest yielding. The results from 
my three-way hybrid test, and those reported for single 
crosses by Kambal and Webster (1966) and Niehaus and Pickett 
(1966) support the opposite contention that increasing the 
number of tillers (heads per plant) tends to increase grain 
yield. The direction and strength of this correlation seems 
influenced appreciably by environmental variables as well 
as the genetic nature of the materials. 
Interrelationships among the different yield components 
also are of interest and importance^ Phenotypic and geno-
typic correlations for heads per plant with 100-seed weight 
were positive, but the correlations for 100-seed weight 
with seeds per head and heads per plant with seeds par head 
were negative. When two characters are correlated, the 
association may be due either to linked genes or to pleio-
tropic effects of the genes. However, if the two characters 
are genetically independent, the correlation must arise from 
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developmentally induced relationships, e.g., negative cor­
relation between two traits may result from competition 
for the limited nutrients, water supply, or synthesized 
metabolites necessary for their formation and development. 
Causes for the high phenotypic and genotypic correla­
tions between grain yield and plant height are difficult to 
generalize. These correlations might be due to develop-
mentally induced relationships during growth and maturation 
or to either genetic linkage or pleiotropy. Casady (1965) 
reported that the height gene DWg in sorghum resulted in 
higher yields, heavier seeds, more heads per plant, etc. 
This height gene, therefore, might also be regarded as one 
of the genes in the hereditary complex that is responsible 
for the expression of the other characters. Consequently, 
when parents used in an experiment are not homozygous for 
the major height genes as proposed by Quinby and Karper 
(1954), the possible effect of these genes on grain yield 
also should be considered. 
Relative to the number of conversion program entries 
screened initially the selection of only 11 lines for de­
tailed evaluation of their breeding behavior in hybrid 
combinations seems not a very high return. A number of 
this magnitude was not entirely unexpected, but still it 
was somewhat disappointing. Several lines were identified, 
however, that show promise for use directly as male parents 
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of hybrids or as breeding lines for incorporation into 
random mating populations. 
The line R7 produced hybrids with each of the three 
A-lines that were attractive and about equal in height to 
the check hybrid RS 608. Additionally, the lines R8 and Rll 
produced hybrids of acceptable height and appearance with 
the Kansas 24 female parent. In combination with Martin or 
Combine Kafir 60, the hybrids of RB and Rll were considerably 
taller and more variable than with Kansas 24. These three 
A-lines haVe been described as having the same basic 
height genotype (dW2dW]^DW2DW2dW2dW2dw^dw^ ) according to 
Quinby's interpretation of height inheritance. But, the 
differential heights observed when these A-lines were crossed 
to a common male parent indicates that other genes must be 
operative in the determination of height in sorghum. Addi­
tional testing of certain of the hybrids, particularly those 
involving the R7, RB and Rll male parents, seems warranted. 
Use of the male-parent lines as a means for the in­
fusion of additional genetic diversity into random mating 
populations should provide long term benefits to the sorghum 
breeding program. Four of the lines (52# R5, R6,- and R9) 
already have been crossed onto male-sterile segregates of an 
existing random mating restorer population (NP3R) and pro­
vide new genetic input for the second cycle of recombination 
in this population. The infusion of diversity from addi-
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tional lines generated from the conversion program can be 
accomplished in succeeding cycles of recombination. 
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VI. SUMMARY 
Eleven R-lines of grain sorghum (R1 through Rll) 
selected from converted lines released through the Sorghum 
Conversion Program were crossed to three A-lines (Martin, 
Combine Kafir 60, and Kansas 24) and to three male-sterile 
single crosses (A Kafir 60 x B Redlan, A Martin x B Redlan, 
and A Kafir 60 x B Martin) to produce single crosses and 
three-way hybrids, respectively. For the single-cross 
tests, parents, F^'s, three check hybrids (RS 608, RS 610,-
and RS 671), and three parents of the check hybrids were 
grown for two seasons (1973 and 1974) at two locations 
in Iowa. For the three-way hybrid tests, parents, F^'s, 
the three check hybrids, and five parents of the check hy­
brids were grown at two locations in 1974. Each experiment 
was planted in single-row plots, 3.66 m long and 1.02 m 
apart in a randomized complete-block design with two 
replicates. 
For each type of hybrid, analyses of variance for com­
bining ability effects and for genetic effects were made 
for grain yield and the primary components of yield (heads 
per plant, 100-seed weight, and seeds per head). Estimates 
of general and specific combining ability effects were ob­
tained individually for each male and female parent and all 
hybrid combinations for grain yield and its primary 
132 
components; and heterosis and heterobeltiosis values were 
determined for each hybrid for grain yield, 100-seed weight, 
and seeds per head. Phenotypic, genotypic, and environmental 
correlations also were determined among grain yield, yield 
components, and plant height. 
General combining ability effects for male parents 
were significant (P<0,05 or P<0.01) and predominated for all 
characters in both types of hybrids. General combining 
ability effects for female parents were highly significant 
for all traits in the single crosses, but these effects 
were significant (P<0.05) only for seeds per head in the 
three-way hybrids. Specific combining ability effects were 
less important than were the general combining ability ef­
fects in the variation expressed for all traits. For both 
types of hybrids, the male parent R9 showed the highest 
estimates of general combining abiXtiy effects for grain 
yield, R4 for heads per plant and 100-seed weight, and Rll 
had the highest general combining ability effects for seeds 
per head. 
Additive gene effects were significant (P<0.05 or 
P<0.01) for all traits in both types of hybrids, whereas 
dominance gene effects were highly significant in all 
instances except heads per plant. The relative magnitude 
of the mean squares indicated that both additive and domi­
nance gene effects were important in the inheritance of grain 
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yield, but that additive effects were of greater importance 
than dominance effects in the expression of 100-seed weight 
and seeds per head. In general, the variation attributable 
to heterotic effects for each trait in either type of hybrid 
was manifested largely through average heterosis, and by 
the heterotic effects contributed by the male parents. 
Heterosis and heterobeltiosis values for grain yield 
were strikingly large for both types of hybrids. These 
large percentages of heterosis and heterobeltiosis may be 
due in part to genetic diversity of the material used in my 
study. Means for heterosis and heterobeltiosis percentages 
for the single crosses were 67.5 and 53.1 for grain yield, 
14.4 and 6.6 for 100-seed weight, and 34.6 and 17.2 for seeds 
per head, respectively. The mean heterosis and hetero­
beltiosis values for the three-way hybrids were 92.1 arid 
65.1% for grain yield, 10.2 and -1.3% for 100-seed weight, 
and 64.8 and 46.6% for seeds per head, respectively. Com­
parisons between the means of hybrids and parents indicated 
that the hybrids bloomed earlier and were taller than the 
parents. 
PhenotypiC; genotypic,- and environmental correlations 
were calculated for three population groups (parents, hy­
brids, and parents plus hybrids) for both types of hybrids. 
With the exception of parental groups of the three-way hy­
brids, the genotypic correlations between grain yield and 
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seeds per head were large in all instances and ranged from 
0.531 to 0.798. In contrast, genotypic correlations between 
grain yield and heads per plant generally were low, and 
most often they were negative. These relationships support 
the premise that the highest yielding lines or hybrids 
selected from this material should be those that bear a 
large number of seeds on a single head. The moderate size 
of some genotypic correlations between grain yield and 
100-seed weight (-0.027 to 0.575) indicated that seed 
size also was a factor of consequence in determining grain 
yield in some population groups. 
Some of the R-lines evaluated in my study possess 
genetic variability that should be useful in a sorghum 
breeding program. For long term benefits, these R-lines 
may be incorporated into existing random mating populations 
thereby broadening the genetic bases of these populations. 
The R-lines that produced attractive hybrids with high 
grain yields and acceptable height when crossed to several 
seed parents may be usable directly as male parents for the 
production of hybrid seed. 
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IX. APPENDIX 
Legend of symbols and conversion factors for Appendix tables; 
AK = A Combine Kafir 60 
AM = A Martin 
BR = B Redlan 
BM = B Martin 
1 kg/plot = 32.265 q/ha 
= 51.432 bu/acre 
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Table 40. Mean squares from analyses of variance for grain yield, 
yield components, and plant height in single-cross 












Replications 1 0.085 0.052 0.169 192,335 50.6 
Entries 46 0.472** 0.116** 0.570** 621,920** 1,594.5** 
P vs. H 1 10.866* 0.064 2.250* 1, 747,916 37,393.6* 
Parents (P) 13 0.345** 0.248** 0.773** 737,083** 583.8** 
Hybrids (H) 32. 0.199** 0.064** 0.434** 539,947*.* 886.4** 
GCA (males) 10 0.465** 0.169** 0.936** 1, 504,716** -
GCA (females) 2 0.216** 0.067* 0.853** 279,750* 
SCA (mxf) 20 0.064 0.011 0.142** 83,583 -
Error 46 0.041 0.027 0.047 69,461 13.9 
CV, % 10.08 12.40 8.37 15.52 2.54 
1973, Castana 
Replications 1 0.004 0.079 0.028 97,605 6.1 
Entries 46 0.482** 0.221** 0.560** 679,183** 1,414.5** 
P vs. H 1 8.790 0.264 1.191 3 ,200,201 37,113.8* 
Parents (P) 13 0.294** 0.512** 0.532** 447,465** 379.4** 
Hybrids (H) 32 0.298** 0.101** 0.551** 694,537** 719.5** 
GCA (males) 10 0.722** 0.282** 1:326** 1 ,942,460** -
GCA (females) 2 0.183* 0.051 0.804** 411,743* -
SCA (mxf) 20 0.098 0.016 0.139* 98,855 -
Error 46 0.046 0.040 0.048 89,102 19.3 
CV, % 10.67 16.14 7.87 17.32 3.06 
1974, Ames 
Replications 1 0.041 0.143** 0.005 300 314.7** 
Entries 46 0.444** 0.019 0.506** 527,425** 1,323.9** 
P vs. H 1 12.442 0.039* 6.260* 6 ,048,180 34,074.5* 
Parents (P) 13 0.057* 0.020 0.613** 512,243** 515.8** 
Hybrids (H) 32 0.226** 0.017 0.283** 361,069** 628.7** 
GCA (males) 10 0.574** 0.037** 0.742** 1 ,014,649** -
GCA (females) 2 0.176** 0=001 0,379** 8,290 -
SCA (mxf) 20 0.054* 0.009 0.044 69,557 -
Error 46 0.024 0.014 0.055 49,873 42.9 
CV, % 13.95 10.56 12.25 15=65 4.37 
*Significant at the 5% level of probability, 
"significant at the 1% level of probability. 
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Table 40 (Continued) 
Source of df Grain Heads/ : 100-seed Seeds/ Plant 
variation yield plant weight head height 
1974, Castana 
Replications 1 0.813** 0.005 0.469* 52,903 84.3** 
Entries 46 0.474** 0.007** 0.376** 455,167** 662.7** 
P vs. H 1 14.677* 0.001 0.199 10 ,733,614* 15,864.4* 
Parents (P) 13 0.135* 0.016** 0.452* 113,444** 300.7** 
Hybrids (H) 32 0.168 0.003 0.351** 272,791** 334.8** 
GCA (males) 10 0.313** 0.004 0.810** 677,811** -
GCA (females) 2 0.335* 0.009** 0.268** 56,454 -
SCA (mxf) 20 0.079 0.002 0.130** 91,914* -
Error 46 0.080 0.003 0.069 44,810 25.9 
CV, % 19.40 4.97 9.35 15.99 4.31 
Table 41. Mean squares from analyses of variance for grain yield, 
yield cranponents, and plant height in three-way hybrids, 
1974 
Source of df Grain Heads/ 100-seed Seeds/ Plant 
variation yield plant weight head height 
Ames 
Replications 1 0.001 0.109** 0.003 129,427* 255.6** 
Entries 46 0.298** 0.018 0.466** 312,821** 1,648.7** 
P vs. H 1 9.455* 0.005 4.055 3,795.597* 49,534.8* 
Parents (P) 13 0.029** 0.022 0.707** 350,722** 578.2** 
Hybrids (H) 32 0.122** 0.017 0.256** 188,587** 587.2** 
GCA (males) 10 0.358** 0.030* 0.734** 507,619** -
GCA (females) 2 0.034 0.023 0.072* 103,937* -
SCA (mxf) 20 0.012 0.010 0.036 37,539 -
Error 46 0.010 0.013 0.020 27,296 25.0 
CV,% 8.83 10.16 6.75 12.78 3.11 
Significant at the 5% level of probability. 
Significant at the 1% level of probability. 
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Table 41 (Continued) 
Source of _ Grain Heads/ 100-seed Seeds/ Plant 
variation yield plant weight head height 
Castana 
Replications 1 0.003 0.000 0.041 33,782 71.5 
Entries 46 0.489** 0.004** 0.371** 350,047** 836.0** 
P vs. H 1 13.960* 0.006 1.365 8,662,206* 24,380.3* 
Parents (P) 13 0.115* 0.009** 0.605** 100,172** 300.0** 
Hybrids (H) 32 0.220** 0.001** 0.245** 196,116** 318.0** 
GCA (males) 10 0.500** 0.002** 0.572** 457,735** -
GCA (females) 2 0.003 0.000 0.255* 79,273 -
SCA (mxf) 20 0.101 0.001** 0.081 76,991* -
Error 46 0.062 0.001 0.061 34,618 33,8 
CV,% 18.52 2.42 8.75 15.07 4.71 
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Table 42. Mean squares from combined analysis of variance over loca­
tions and years for grain yield, yield components, and 
plant height for single-cross hybrids 
Source of 
df Grain Heads/ 100-seed 
variation yield plant weight 
Years (Y) 1 49.105 3.710 10.036 
Locations (L) 1 2.865 0.757* 27.362 
YxL 1 2.670* 0.000 11.323** 
Replications/L/Y 4 0.229** 0.070** 0.167** 
Entries 46 1.589** 0.222** 1.456** 
P vs. H 1 46.373** 0.090 7.672 
Parents (P) 13 0.466 0.505 1.453* 
Hybrids (H) 32 0.646** 0.111* 1.262** 
GCA (males) 10 1.660** 0.319 3.291** 
GCA (females) 2 0.621 0.059 2.077 
SCA (aisf) 20 0.142** 0.013 0.167 
Entries x L 46 0.050 0.018 0.165 
P vs. HxL 1 0.000 0.061 1.518 
Parents x L 13 0.076* 0.037 0.203 
Hybrids x L 32 0.042 0.009 0.108 
GCA (males)XL 10 0.082 0.016 0.207 
GCA (females)xL 2 0.054 0.001 0.029 
SCAxL 20 0.020 0.007 0.066 
Entries % y 46 0,129 0.101** 0.246* 
P vs. HxY 1 0.301 0.217* 0.032 
Parents x Y 13 0.231** 0.212** 0.531* 
Hybrids x Y 32 0.083 0.052** 0.138 
GCA (males)xY 10 0.099 0.134** 0.099 
GCA (females)xY 2 0.058 0.060^* 0.194* 
SCAxY 20 0.078 0.011 0.151** 
Entries x L x Y 46 0.102** 0.021 0.145** 
P vs. H X L X Y 1 0.101 0.000 0.678* 
Parents x L x Y 13 0.058 0.043 0.184* 
Hybrids x L x Y 32 0.120** 0.012 0.112** 
GCA (males)xLxY 10 0.237** 0.024* 0.216** 
GCA (females)xLxY 2 0.195** 0.010 0.005 
SCAxLxY 20 0.054 0.007 0.071 
Pooled error 184 0.048 0.021 0.055 
Cv, % 13.27 12.24 9.27 
* 
Significant at the 5% level of probability. 
** 
Significant at the 1% level of probability 
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Table 42 (Continued) 
Source of Seeds/ Plant 










P vs. H 1 
Parents (P) 13 
Hybrids (H) 32 
GCA (males) 10 
GCA (females) 2 
SCA (mxf) 20 
Entries x L 46 
P vs. K K L 1 
parents x L 13 
Hybrids x L 32 
GCA (males) x L 10 
GCA (females) x L 2 
SCAxL 20 
Entries x Y 46 
P vs. HxY 1 
Parents x Y 13 
Hybrids x Y 32 
GCA (males) x Y 10 
GCA (females) x Y 2 
SCAxY 20 
Entries x L x Y 46 
P vs. H X L X Y 1 
Parents x L x Y 13 
Hybrids x L x Y 32 
GCA (stales) x L x Y 10 
GCA (females) x L xY 2 
SCA X L X Y 20 



























































Table 43. Means for grain yield, yield components, and plant height for 
single-cross hybrids based on data obtained from individual 
environments^ 






Martin x Rl 2.44 1.32 2.51 1999 165 
X R2 2.49 1.22 2.39 2185 173 
X R3 2.48 1.22 2.69 1918 177 
X R4 2.17 1.67 3.41 952 183 
X R5 2.57 1.39 2.92 1685 176 
X R6 1.34 1.62 3.15 734 145 
X R7 2.09 1.35 2.76 1439 140 
X R8 2.24 1.36 2.58 1614 178 
X R9 2.49 1.21 2.23 2509 145 
X RIO 1.82 1.11 2.14 2026 144 
X Rll 2.46 1.46 1.82 2545 142 
Kafir 60 x Rl 2.49 1.26 2.72 1898 169 
X R2 2.60 1.25 2.95 1857 170 
X R3 2.83 1.26 2.96 1991 168 
X R4 2.39 1.72 3.41 1101 177 
X R5 2.47 1.29 3.27 1532 161 
X R6 1.80 1.71 3.22 832 217 
X R7 2.02 1.31 3.02 1329 134 
X R8 1.91 1.15 2.59 1710 173 
* R9 2.51 1.22 2.57 2295 184 
X RIO 2.35 1.16 3.11 1733 184 
X Rll 2.17 1.15 2.31 2159 143 
Kansas 24 x Rl 2.20 1.29 2.08 2331 151 
X R2 2.32 1.17 2.28 2346 150 
X R3 2.13 1.16 2.21 2254 141 
X R4 2.11 1.49 3.57 1013 154 
X R5 2.40 1.28 2.70 1947 145 
X R6 1.64 1.56 3.04 905 142 
X R7 1.93 1.25 2.65 1512 128 
X R8 1.87 1.10 2.08 2242 118 
X R9 2.43 1.16 3.14 1757 176 
X RIO 2.30 1.15 2.68 2049 173 
X Rll 2.05 1.12 1.82 2557 136 
LSD, 5% 0.40 0.26 0.32 557 8 
1% 0.54 0.35 0.43 750 11 
Check hybrid 
RS 608 1.92 1.19 2.38 1696 132 
RS 610 2.05 1.26 2.76 1524 137 
RS 671 2.23 1.26 2.25 1924 137 
®GY = grain yield; H/P = heads per plant; SW = seed weight;. S/H = 
seeds per head; HT = plant height. 
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Table 43 (Continued) 






Martin x R1 2.42 1.19 2.54 2148 166 
X R2 2.54 1.24 2.71 2268 171 
X R3 2.38 1.08 2.77 2029 170 
X R4 2.42 2.00 4.10 746 170 
X R5 2.64 1.30 3.13 1807 170 
X R6 1.06 1.41 3.09 629 146 
X R7 2.02 1.04 2.89 1614 132 
X R8 2.07 1.16 2.67 1749 173 
X R9 2.31 1.03 2.82 2215 147 
X RIO 1.88 1.04 2.17 2228 143 
X Rll 2.11 1.09 1.83 2826 143 
Kafir 60 x R1 2.47 1.14 3.14 1744 167 
X R2 2.48 1.30 3.76 1381 169 
X R3 2.68 1.19 3.00 2080 168 
X R4 2.56 1.73 3.69 1009 165 
X R5 2.26 1.14 3.09 1736 164 
X R6 1.40 1.51 3.14 776 205 
X R7 1.95 1.19 2.91 1580 135 
X R8 2.18 1.02 2.74 2086 175 
X R9 2.46 1.09 3.48 1655 178 
X RIO 2.46 1.00 2.75 2407 182 
X Rll 2.22 1.14 2.18 2330 138 
Kansas 24 x R1 2.28 1.14 2.26 2167 144 
X R2 2.13 1.06 2.36 2222 143 
X R3 1.97 1.04 2.84 lSo9 155 
X R4 2.32 1.56 3.71 1059 160 
X R5 2.18 1.08 3.03 1747 141 
X R6 1.39 1.41 3.01 878 135 
X R7 2.14 1.12 2.74 2003 140 
X R8 1.86 1.06 2.32 1964 119 
X R9 2.59 1.06 3.20 2134 165 
X RIO 2.50 1 = 05 2.55 2618 179 
X Rll 2.28 1.03 1.86 3035 130 
TSDf 5% 0.49 0.26 0.46 669 10 
1% 0.66 0,35 0.62 890 13 
Check hybrid 
RS 608 1.92 1.09 2.95 1525 132 
RS 610 1.84 1.26 3.23 1205 127 
RS 671 2.75 1.15 2.56 2348 135 
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Table 43 (Continued) 
Hybrid GY (kg/plot) H/P 
100-SW 




Martin x R1 1.50 1.17 1.94 1777 181 
X R2 1.48 1.12 2.07 1750 180 
X R3 1.43 1.12 2.13 1606 184 
X R4 1.75 1.33 2.97 1302 193 
X R5 1.22 1.17 2.08 1292 180 
X R6 0.57 1.29 2.52 492 154 
X R7 1.59 1.10 2.13 1772 143 
X R8 1.18 1.05 1.95 1472 157 
X R9 1.46 1.00 1.85 2152 152 
X RIO 1.01 1.00 1.51 2113 195 
X Rll 1.19 1.08 1.55 1962 148 
Kafir 60 x R1 1.82 1.29 2.41 1689 176 
X R2 1.69 1.12 2.17 1772 174 
X R3 1.51 1.25 2.14 1737 169 
X R4 1.80 1.25 2-76 1437 185 
X R5 1.21 1.04 2.42 1255 169 
X R6 0.78 1.19 2.48 671 143 
X R7 1.29 1.10 2.03 1612 142 
X R8 1.66 1.10 2.02 2007 189 
X R9 1.99 1.05 2.34 2077 164 
% RIO 1 = 08 1,05 1.98 1469 164 
X Rll 1.18 1.13 1.80 1553 150 
Kansas 24 x R1 1.09 1.18 2.09 1302 159 
X R2 1.44 1.13 2.02 1654 160 
X P3 1.55 1.23 1.98 1765 164 
X R4 1.62 1.20 2.76 1281 144 
X R5 1.17 1.34 2.02 1233 153 
X R6 0.70 1.18 2.56 634 146 
X R7 1.44 1.08 1.82 1835 141 
X R8 1.12 1.04 1.63 1795 123 
X R9 1.81 1.09 1.92 2336 156 
X RIO 1.07 1,05 1.34 1967 164 
X Rll 1.21 1.07 1.58 1773 144 
LSD, 5% 0,32 ns 0.52 476 15 
1% 0 m 43 ns 0.70 642 20 
Check hybrid 
RS 608 1.16 1.14 1.77 1449 140 
RS 610 1.68 1.22 2.05 1748 138 
RS 671 0.87 1.15 1.63 1229 142 
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Table 43 (Continued) 






Martin x Rl. 1.98 1.10 2.55 1768 138 
X R2 2.01 1.01 2.99 1657 143 
X R3 2.02 1.00 2.86 1816 147 
X R4 1.69 1.16 3.49 1340 137 
X R5 1.94 1.03 3.37 1404 142 
X R6 1.14 1.05 2.79 961 113 
X R7 1.62 1.07 3.05 1236 109 
X R8 1.62 1.02 2.59 1571 121 
X R9 2.09 1.08 2.60 1869 126 
X RIO 1.89 1.05 2.94 1606 131 
X Rll 2.17 1.00 2.26 2359 126 
Kafir 60 x Rl 2 = 10 1.04 2.24 1913 136 
X R2 1.71 1.00 2.88 1572 136 
X R3 2.33 1.00 3.29 1866 141 
X R4 1.45 1.05 3.32 1046 134 
X R5 1.84 1.00 3.59 1300 136 
X R6 1.54 1.03 2.85 1331 127 
X R7 1.19 1.00 3.19 956 107 
X R8 1.66 1.02 2.78 1549 136 
X R9 1.81 1.00 3.52 1300 143 
X RIO 1.53 1.00 2.81 1397 132 
X Rll 1.80 1.01 1.83 2456 120 
Kansas 24 x Rl 1.52 1.00 2.30 1821 121 
X r2 1.72 1.08 2.71 1458 130 
X R3 1.65 1.00 2.56 1742 118 
X R4 1.42 1.08 3.34 993 110 
X R5 2.05 1.06 2.97 1678 134 
X R6 1.23 1.06 2.86 973 111 
X R7 1.50 1.06 3.10 1204 100 
X R8 1.50 1.00 2.67 1497 102 
X R9 1-85 1.02 2.76 1711 132 
X RIO 1.55 1.02 2.22 1869 129 
% Rll 1,48 1.00 2.40 1686 109 
LSD, 5% ns ns 0,40 473 11 
1% ns ns 0.54 638 14 
Check hybrid 
RS 608 . 1.50 1.06 2.52 1450 97 
RS 610 1.70 1.02 2.73 1637 104 
RS 671 1.79 1.00 2.52 1850 114 
Table 44. Means of single-cross hybrids with one parent in common and the means of the common 




GY(Jcg/plot) H/P lOO-SW(q) S/H HT (cm) 
MH MP MH MP MH MP MH MP MH MP 
Females 1973, Ames 
Mêurtin 2.24 1.54 1.36 1.07 2.60 2.29 1782 1679 161 129 
Kafir 60 2.. 32 1.59 1.32 1.30 2.92 2.54 1676 1363 171 134 
Kansas 24 2.,12 1.55 1.25 1.07 2.57 2.10 1902 1845 147 118 
LSD, 5% 0.12 - 0.08 - 0.10 - 167 - 3 -
1% 0.16 - 0.10 - 0.13 - 226 - 4 -
Males 
R1 2.38 1.71 1.29 1.42 2.44 2.07 2076 1696 162 Ill 
R2 2.47 1.45 1.21 1.49 2.54 1.76 2129 1642 164 102 
R3 2.48 1.32 1.21 1.33 2.62 2.42 2055 1216 162 105 
R4 2.22 1.52 1.63 2.36 3.46 3.56 1022 523 172 140 
R5 2.48 2.52 1.32 1.69 2.97 3.51 1721 1425 161 144 
R6 1.60 0.67 1-63 1.23 3,14 2.26 824 617 168 97 
R7 2.01 0.90 1.30 1.69 2.81 2.92 1427 533 134 89 
R8 2.01 1.70 1,20 1,09 2.42 2.33 1855 1678 156 134 
R9 2.48 1.42 1.20 1.07 2.65 2.00 2187 1890 169 108 
RIO 2.15 1.54 1.14 1,25 2.64 2.01 1936 2123 167 111 
Rll 2.23 1.38 1.24 1.13 1.99 1.29 2421 2613 141 106 
LSD, 5% 0.23 0.49 0.15 0.49 0.18 0.70 321 519 5 6 
1% 0.3.1 0.67 0.20 0.67 0.33 0.98 433 724 7 9 
Overall mean 2.23 1.48 1.31 1.36 2.70 2.36 1787 1488 160 116 
^CiY = grain yield y H/P = heads per plant; £JW = seed weight; S/H = seeds per heads; HT = 
plant height; MH = mean of hybrids; Ml? = mean of common parents. 
^Means of iialci and female parents have the same LSD values. 




Martin " 2.17 
Kafir 60 2.32 
Kansas 24 2.15 














LSD, 5* 0.27 
1% 0.37 
Overall mean 2.21 
E/P 
Mfl M» 
1.38 1.23 1.00 
1.47 1.22 1.02 
1.19 1.14 1.02 
- ns — 
ns 
2.27 1.16 1.66 
1.50 1.20 1.36 
1.84 1.11 1.66 
1.29 1.76 2.89 
2.04 1.17 1.27 
0.79 1.45 1.21 
1.22 1-12 1.13 
1.64 1.08 1.00 
1.78 1.06 1.00 
1.80 1.03 1.09 
1.41 1.09 1.14 
0.33 0.15 0.67 
0.47 0.20 0.94 










2.79 2.46 1841 1544 157 129 
3.08 2.55 1707 1568 168 123 
2.71 2.25 1981 1409 146 109 
0.14 — 199 - 2 -
0.19 269 3 
2.64 2.37 2020 1793 159 107 
2.94 2.46 1957 1395 161 112 
2.87 2.24 2026 1654 164 108 
2.83 3.81 938 421 165 132 
3.08 3.63 1763 1254 158 135 
3.08 2.43 761 702 162 97 
2.85 2.93 1732 922 136 92 
2.58 2.60 1933 1726 156 131 
3.16 2.43 2001 2077 163 102 
2.49 2.52 2418 1841 168 112 
1.97 1.96 2730 1856 137 104 
0.27 0.33 381 400 5 8 
0.37 0.47 514 558 7 11 
2.86 2.62 1843 1439 157 114 
Table 44 (Continued) 
Common GY(kg/plot) H/P 
parent^ MH MP MH MP 
Females 
Martin 1.31 0.69 1.13 1.03 
Kafir 60 1.45 0.71 1.14 1.00 





LSD, 5% 0.10 ns 
1% 0.13 - ns — 
Males 






R2 l.M 0.39 1.12 1.16 
R3 1.50 0.35 1.20 1.18 
R4 1.72 0.73 1.26 1.35 
R5 1.20 0.75 1.18 1.14 
R6 0.68 0.39 1.22 1.09 
R7 1.44 0.41 1.09 1.07 
R8 1.32 0.78 1.06 1.04 
R9 1.76 0.75 1.05 1.00 
RIO 1.05 0.36 1.03 1.00 
Rll 1.19 0.50 1,09 1.05 
LSD, 5% 0.18 0.27 0.12 ns 
1% 0.33 0.38 0.17 ns 
Overall mean 1.35 0.56 1.14 1.09 
lOO-SW(q) S/H HT(cm) 
MH MP MH MP MH MP 
1974, Ames 
2.06 1.65 1608 1061 170 138 
2.23 1.67 1571 1140 166 133 
1.97 1.40 1598 1067 150 121 
0.16 ns 4 
0.21 ns 6 
2.15 1.32 1589 734 172 118 
2.09 1.40 1725 633 171 116 
2.08 1.40 1703 581 172 109 
2-83 2.50 1340 590 174 137 
2.17 0.90 1260 1957 167 141 
2.52 2.55 599 353 148 90 
1.99 2.09 1740 487 142 96 
1.87 1.34 1758 1518 156 136 
2.04 1.54 2188 1363 157 122 
1.61 0.56 1850 1860 174 130 
1.64 1.08 1764 1189 147 105 
0.30 0.36 275 336 8 11 
0.40 0.51 370 468 11 14 
2.09 1.52 1593 805 162 12< 
Table 44 (Continued) 
Common, 
parent 
GîY (kg/plot) H/P lOO-SW(g) S/H HT (cm) 
MH MP MH MP MH MP MH MP MH MP 
Females 1974, Castana 
Martin 1.83 0.97 1.05 1.00 2.86 2.50 1602 966 130 95 
Kafir 60 1.73 0.98 1.01 1.00 2.93 2.83 1517 956 132 107 
Kansas 24 1.59 1.18 1.03 1.00 2.72 2.78 1512 1179 118 96 
LSD, 5% 0.19 — 0.03 — 0.12 - ns - 3 -
1% 0.26 - 0.05 - 0.16 - ns - 4 -
Hales 
R1 1.87 0.90 1.05 1.08 2.30 3.17 1834 647 132 96 
R2 :L.81 0.69 1.03 1.02 2.71 2.97 1562 590 136 86 
R3 2.00 0.81 1.00 1.00 2.56 2.90 1808 762 135 96 
R4 1.52 0.78 1.10 1.35 3.34 3.36 1126 428 127 93 
R5 1.94 1.02 1.03 1.04 2.97 2.97 1460 841 137 107 
R6 1.30 0.65 1.05 1.03 2.86 2.30 1088 732 117 118 
R7 1.44 0.43 1.04 1.03 3.10 2.96 1132 369 105 78 
R8 1.60 1.06 1.01 1.03 2.67 2.95 1539 917 120 80 
R9 1.92 1.35 1.03 1.02 2.76 3,02 1627 1126 134 118 
RIO 1.66 0.48 1.02 1.00 2.22 1.54 1624 949 131 104 
Rll 1.82 0.68 1.00 1.00 2.40 2.12 2179 808 118 102 
LSD, 5% 0.37 0.42 ns 0.09 0.23 0.79 273 336 6 10 
1% 0.49 0,60 ns 0.13 0.31 1.10 368 468 8 14 
Overall mean 1.71 0.85 1.03 1.04 2.84 2.73 1543 805 127 98 
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Table 45. Means for grain yield, yield components, and plant height 










(AK X BR) X R1 1.46 1.19 2.17 1491 187 
X R2 1.39 1.11 2.38 1375 181 
X R3 1.43 1.16 2.17 1512 190 
X R4 1.57 1.10 3.09 1255 188 
X R5 1.21 1.17 1.87 1510 181 
X R6 0.82 1.07 2.44 795 160 
X R7 1.26 1.08 2.30 1281 153 
X R8 1.39 1.03 2.07 1768 195 
X R9 1.70 1.00 2.41 1939 163 
X RIO 1.16 1.02 1.79 1709 174 
X Rll 1.23 1.02 1.77 1827 157 
(AM X BR) X R1 1.41 1.20 2.16 1471 183 
X R2 1.30 1.20 1.85 1598 182 
X R3 1.52 1.18 2.17 1542 187 
X R4 1.66 1.43 3.10 944 189 
X R5 1.02 1.07 2.17 1166 167 
X R6 0.73 1.02 2.47 743 154 
X R7 1.18 1.09 1.97 1403 147 
X R8 1.25 1.12 1.87 1480 188 
A RS 1.63 1.00 2 = 42 1720 196 
X RIO 1.11 1.16 1.85 1443 180 
X Rll 1.16 1.18 1.74 1449 155 
(AK X BM) X R1 1.48 1.08 2.09 1682 183 
X R2 1.51 1.18 2.19 1479 186 
X R3 1. 54 1.09 2.21 1616 189 
X R4 1.57 1.27 2.99 1082 189 
X R5 1.28 1.22 2.39 1188 176 
X R6 0.81 1.10 2.55 725 154 
X R7 1.29 1.13 2.24 1281 146 
X RB 1.38 1.00 2.03 1733 190 
X R9 1.59 1.04 2.47 1537 160 
X RIO 1-33 1.02 2.06 1782 210 
X Rll 1.00 1.07 1.74 1459 146 
LSD. 5% 0.23 ns 0.29 326 11 
• 1% 0.31 ns 0.39 435 15 
Check hybrid 
153 RS 608 1.26 1.08 2.20 1392 
RS 610 1.49 1.12 2.06 1653 144 
RS 671 1.20 1.15 1.78 1576 141 
GY = grain yield; H/P = heads per plant; SW = seed weight; S/H 
seeds per head; HT = plant height. 
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Table 45 (Continued) 






(AK X BR) X R1 1.74 1.00 3.08 1505 139 
X R2 1.83 1.00 3.28 1371 139 
X R3 1.66 1.00 2.86 1578 146 
% R4 1.85 1.01 3.51 1291 141 
X R5 1.82 1.03 3.44 1286 142 
X R6 1.26 1.04 2.83 1046 • 128 
X R7 1.13 1.01 3.23 942 110 
X R8 1.43 1.00 2.78 1360 135 
X R9 1.76 1.00 3.10 1583 115 
X RIO 1.18 1.00 2.58 1373 145 
X Rll 1.98 1.02 2.24 2237 126 
(AM X BR) X Ri 1.56 1.00 2.74 1555 141 
X R2 1.92 1.00 2.96 1635 145 
X R3 2.15 1.04 2.97 1766 144 
X R4 1.60 1.04 3.10 1249 138 
X R5 1.89 1.01 3.15 1484 137 
X R6 0.98 1.00 2.91 894 123 
X R7 1.33 1.00 3.01 1134 108 
X R8 1.67 1.01 3.02 1421 143 
X R9 1.92 1.00 3.45 1504 143 
X RIO 1;24 1.00 2.71 1261 142 
X Rll 1.09 1.00 2.17 1298 110 
(AK X BM) X Rl 1.37 1.00 2.53 1454 131 
X R2 2.24 1.00 3.17 1770 140 
X R3 1.75 1.00 2.65 1670 133 
X R4 1.52 1.12 2.98 1176 138 
X R5 1.89 1.02 3,21 1492 133 
X R6 1.23 1.00 2.77 1106 122 
X R7 1.01 1.00 2.89 1024 110 
X R8 1.52 1.00 2.82 1366 146 
X R9 1.78 1.00 2.61 1760 143 
X RIO 1.49 1.00 3.01 1377 158 
X Rll 1.77 1.01 1.99 2289 123 
LSD, 5% C. 55 0.03 0.55 407 12 
1% 0.74 0.05 0.74 548 16 
Check hybrid 
RS 608 1.32 1.02 2.53 1309 92 
RS 610 1.71 1.00 2,76 1613 107 
RS 671 1.37 1.00 2.60 1361 108 
Table 46. Means of three-way hybrids with one parent in common and the mean of the common parents 




cn (kq/plot) H/P lOO-SW(cr) S/H HT (cm) 
MP MH MP MH MP MH MP MH MP 
Females Ames 
AK X BR 1.33 0.75 1.08 1.00 2.23 2.15 1496 936 174 144 
AM X BR 1.27 0.66 1.15 1.33 2.16 2.04 1360 671 175 146 
AK X BM 1.34 0.72 1.11 1.06 2.27 1.89 1415 1009 175 136 
LSD, 5% ns - ns - ns - 98 - ns -
1% ns - ns - ns - 132 - ns -
Males 
R1 1.45 0.53 1.15 1.07 2.14 1.26 1548 1041 184 117 
R2 1.40 0.58 1.16 1.07 2.14 1.65 1484 837 183 117 
R3 1.49 0.57 1.14 1.13 2.20 1.95 1557 714 189 114 
R4 1.60 0.85 1.26 1.24 3.06 2.84 1094 641 189 142 
R5 1.17 0.50 1.15 1.08 2.14 1.49 1288 815 175 145 
R6 0.79 0.68 1.06 1.24 2.50 2.49 754 604 156 98 
R7 1.24 0.53 1.3.0 1.02 2.17 2.33 1322 567 149 98 
R8 1.34 0.59 1.05 1.00 1.99 1.26 1660 1340 190 132 
R9 1.64 0.76 1.01 1.00 2.43 1.61 1732 1309 173 130 
RIO 1.20 0.42 1.06 1.00 1.90 0.61 1645 2149 188 128 
Rll 1.13 0.55 1.09 1.15 1.75 1.17 1578 1148 153 106 
LSD, 5% 0.13 0.12 ns ns 0.15 0.27 188 388 3 9 
1% 0.18 0.17 ns ns 0.20 0.38 254 541 4 12 
Overall mean 3..31 0.67 1.11 1.10 2.22 1.76 1423 984 175 125 
^GY = grain yiteldi- H/P = heads psr plant; SW = seed weight; S/H = seeds per head; MH = mean of 
hybrids; MP = meaji of common parents, 
^fleans of male and female parents have the same LSD values. 






AK X BR 
AM X BR 


































LSD, 5% 0.32 
1% 0.43 
Overall mean 1.59 
0.41 l.CiO 1,00 
0.83 1.00 1.03 
0.56 1.01 1.07 
0.64 1.06 1.25 
0.90 1.02 1.03 
0.59 1.01 1.04 
0.54 1.00 1.00 
0.83 1.00 1.00 
0.86 1.00 1.00 
0.74 1.00 1.00 
0.44 1.01 1.00 
0.40 0.02 0.08 
0.54 0.03 0.11 
0.75 1.01 1.02 
lOO-SW(q) S/H HT (cm) 
MH W MH MP MH MP 
Castana 
3.00 3.25 1416 958 133 115 
2.93 3.01 1382 780 134 101 
2.78 2.95 1499 973 134 106 




2.78 2.57 1505 523 137 83 
3.14 2.61 1592 807 141 98 
2.83 2.31 1671 636 141 88 
3.20 3.18 1239 443 139 111 
3.27 3.44 1421 656 137 111 
2.84 2.35 1015 634 124 78 
3.04 2.56 1033 586 109 84 
2.87 2.46 1382 791 141 116 
3.05 3.01 1616 872 133 99 
2.77 1.68 1337 1327 148 102 
2.13 1.59 1941 774 120 95 
0.32 0.40 123 312 9 13 
0.43 0.55 165 434 13 19 
2.90 2.63 1432 768 134 98 
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Table 47. Percentage heterosis and heterobeltiosis for grain yield, 100-
seed weight, and seeds per head for single-cross hybrids from 
data combined over two locations in 1973 
Grain yield 
Hybrid Grain yield^ 100-seed wt. Seeds/head as % of 
HT HTB HT HTB HT HTB RS 610% 
Martin 
X R1 40.9** 23.1* 10.2 6.8 23.6* 18.9 125.3 
X R2 71.4** 70.3** 13.8 7.8 42.3** 38.2** 129.9 
X R3 59.9** 53.8** 16.2* 15.2 29.6* 22.5 125.3 
X R4 60.1** 56.9** 24.3** 2.2 -18.5 -47.3** 118.0 
X R5 39.6** 14.5 2.0 -15.1* 18.4 8.4 134.5 
X R6 9.6 -17.8 32.5** 31.7**-40.0* -57.7** 61.9 
X R7 63.5** 41.1** 7.0 -3.1 30.6 -5.2 106.2 
X R8 38.0** 29.3* 8.5 6.5 1.5 -1.2 111.3 
X R9 56.9** 50.0** 10.5 6.8 31.4** 19.1 123.7 
X RIO 18.2* 10.8 -6.7 -8.9 18.4 7.3 95.4 
X Rll 60-1** 56.9** -7.8 -22.4** 39.7** 20.2* 118.0 
Kafir 60 
X R1 40.9** 24.6* 23.1** 15.4* 13.5 4.4 127.8 
X R2 82.7** 79.7** 44.5** 32.3** 8.5. 6.6 141.8 
X R3 77.5** 74.7** 22.4** 17.3* 40.0** 39.0* 142.3 
X R4 68.6** 61.4** 14.2* -3.5 6.9 -28.0 127.3 
X R5 24.4** 4.0 4.1 -10.9* 16.6 11.5 122.2 
X R6 41.6** 4.6 30.3** 25.2**-24.3 -45.1** 82.5 
X R7 52.9** 29.4* 8.8 1.7 32.6 -0.8 102.1 
X R8 28.1** 22.8* 6.4 4.7 19.9 11.6 105.7 
X R9 58.5** 55.0** 27.6** 19.3* 14.6 -0.4 127.6 
X RIO 50-6** 44.3** 22.1** 15.4* 20.1 4.4 124.2 
X Rll 50.2** 43.8** 8.2 -11.4 21.4 0.5 113.4 
Kansas 24 
X R1 33.3** 12.6 -1.1 -2.3 31.7** 30.0* 115.5 
X R2 56.5** 50.7** 8.4 6.9 45.2** 40.4** 115.0 
X R3 39.0** 29.8* 13.3 8.2 38.0** 29. S* 105,7 
X R4 60.3** 58.6** 24.1** -1.4 -1.3 -36.3* 114.4 
X RS 25.5** 0.4 0.0 —13 « 6*" 24.5 13.5 118 = 4 
^T = heterosis; HTB = heterobeltiosis. 
^Grain yield of RS 610 = 1 . 9 4  kg/plot (62.6 q/ha; 99.8 bu/acre) . 
* 
Significant at the 5% level of probability. 
** 
Significant at the 1% level of probability. 
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Table 47 (Continued) 
Grain yield 
Hybrid Grain yield^ 100-seed wt. Seeds/head îq 
HT HTB HT HTB HT HTB 
Kansas 24 (Cont.) 
X R6 44.8** 11.0 33.9* 29.1** -22.0 -45.2** 78.4 
X R7 67.1** 48.2** 6.1 -7.5 49.3** 8.0 104.6 
X R8 22.4* 11.4 -5.0 -10.6 26.4* 23.6 95.9 
X R9 69.0** 56.9** 44.8** 43.4** 7.8 -1.9 129.4 
X RIO 57.9** 43.7** 17.8* 15.5 29.3** 17.8 123.7 
X Rll 56.0** 54.3** -2.9 -15.2 44.8** 25.2* 111.3 
Check hybrid 
RS 608 27.2 23.5 14.1 12.5 9.3 0.0 98.7 
RS 610 26.0 25.2 23.8 17.9 -2.4 —6.8 100.0 
RS 671 68.7 39.8 -2.6 -26.4 84.0 66.2 128.2 
Table 48. Percentage heterosis and heterobeltiosis for grain yield, 
100-seed weight, and seeds per head for single-cross hybrids 
from data combined over two locations in 1974 







as % of 
RS 610b 
Martin 
X R1 133.6** 109. 6** 3.7 0.0 108.1** 74.9* 103.0 
X R2 154.0** 109. 6** 18.8 16.1 109.9** 68.2* 103.0 
X R3 144.0** 107. 2** 17.7 15.8 103.3** 68.9* 101.8 
X R4 116.5** 106. 2** 28.9* 10.2 73.6* 30.4 101.2 
X R5 84.8** 79. 6** 35.7* 30.8* 11.8 -3.7 93.5 
X R6 25.9 2. 4 17.8 9.5 -6.6 -28.3 50.3 
X R7 157.6** 94. 0** 12=6 2,8 108.7** 48.5 95.3 
X R8 60.0** 52. 2 7.6 6.1 36.4 25.0 82.8 
X R9 90.4** 71. 2** 1.8 -2,6 78.2** 61.7* 105.3 
X RIO 132.0** 74. ywif 42.5 7.2 53. S* 32.4 85=8 
X Rll 138.3** 102. 4** 3.3 -8.7 116.6** 115.1** 100.6 
^HT = heterosis; HTB = heterobeltiosis. 
^Grain yield of RS 610 = 1.69 kg/plot (54.5 q/ha; 86.9 bu/acre). 
*Significant at the 5% level of probability. 
**Significant at the 1% level of probability. 
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Table 48 (Continued) 
Grain yield 
Hybrid Grain yield^ 100-seed wt. Seeds/head as % of 
HT HTB HT HTB HT HTB RS 610^ 
Kafir 60 
X R1 161.3** 133.4** 3.8 3.5 107.2** 71.9* 116.0 
X R2 146.4** 102.4** 13.8 12.0 101.6** 59.4* 100.6 
X R3 170.4** 128.6** 23.2 20.4 109.4** 71.9* 113.6 
X R4 105.0** 94.1** 17.4 3.8 59.4 18.4 96.5 
X R5 76.7** 72.7** 43.5** 33.3* 4.4 -8.7 90.0 
X R6 70.6** 38.1 13.9 9.9 25.9 -4.5 68.6 
X R7 96.8** 47.6* 9.4 3.6 69.1* 19.1 73.4 
X R8 88.6** 80.4** 9.3 6.7 57.0* 46.1 98.0 
X R9 102.1** 82.7** 29.4 28.5 47.4* 35.8 112.4 
X RIO 106.4** 54.8** 11.2 6.2 16.9 2.1 76.9 
X Rll 109.9** 77.4** -6.0 -19.6 95.3** 91.3** 88.2 
Cansas 24 
X R1 69.9** 49.4* 1.1 -2.2 72.3* 39.1 76.9 
X R2 125.5** 82.7** 10.5 8.3 79.4** 38.6 94.1 
X R3 120.7** 83.9** 7.1 5.6 95.4** 56.2* 94.7 
X R4 87.7** 74.7** 21.5* 4.1 39.3 1.3 89.9 
X R5 84.0** 83.0** 23.8 19.1 15.5 4.1 95.3 
X R6 38.1 10.3 20.2 12.0 -3.4 -28.4 56.8 
X R7 127.9** 69.0** 6.7 -2.4 96.0** 35.4 87.0 
X R8 46.4* 42.4 2.1 0.9 40.7 35.2 77.5 
X R9 91.6** 76.0** 6.6 2.2 70.9** 62.6** 108.3 
X RIO 103.1** 50.6** 13.4 -14.8 51.9** 36.7 77.5 
X Rll 86.2** 55.2* 7.8 -4.8 63.2* 54.2* 79.8 
Check hybrid 
RS 608 40.4 
RS 610 76.2 














Mean squares from analysis of variance for genetic effects for 
grain yield and yield components for single-cross test based 
on data obtained in individual environments 
df Grain Heads/ 100-seed Seeds/ yield Dlant weight head 
1973, Ames 
0.085 0.052 0.169 192,335 
0.472** 0.116** 0.570** 621,920** 
0.593** 0.312** 1.463** 1 ,749,557** 
1 0.041 0.370** 0.020 150,132 
2 0.168* 0.065 0.876** 394,745** 
10 0.733** 0.356** 1.724** 2 ,180,620** 
0.424** 0.038 0.218** 177,690** 
1 10.868** 0.069 2.205** 1 ,743,034** 
2 0.047 0.038 0.059 4,119 
10 0.174t* 0.091** 0.202** 244,262** 
20 0.065 0.011 0.142** 83,509 























10.08 12.40 8.37 15.52 
1973, Castana 
0.004 0.079 0.028 97,605 
0.482** 0.221** 0.560** 679,183** 
0.685** 0.669** 1.374** 1 ,622,799** 
1 0.298* 0.708** 0.297* 34,134 
2 0.147* 0.035 0.751** 242,206 
10 0.831** 0.792** 1.607** 2 ,057,784** 
0.371** 0.044 0.239** 307,456** 
1 8.790** 0.267* 1.197** 3 ,200,236** 
2 0.011 0.016 0.101 164,9x7 
10 0.174** 0.084* 0.371** 460,037** 
20 0.085* 0.016 0.139** 98,780 
0.046 0.040 0.048 89,102 
CV, % 10.67 16.14 7.87 
Significant at the 5% level of probability, 
'"significant at the 1% level of probability. 
17.32 
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Table 49 (Continued) 
Grain Heads/ 100-seed Seeds/ 
yield plant weight head 
1974, Ames 
0.041 0.143** 0.005 300 
0.444** 0.019 0.506** 527,425** 
0.301** 0.044** 1.112** 842,574** 
1 0.076 0.047 0.015 34,134 
2 0.161** 0.001 0.380** 242,206* 
10 0.351** 0.053** 1.368** 1,092,907** 
1 0.500** 0.010 0.267** 403,275** 
1 12.442** 0.038 6.197** 6,040,866** 
2 0.029 0.001 0.040 9,930 
10 0.292** 0.010 0.169** 585,776** 
20 0.054* 0.009 0.043 69,579 
0.024 0.014 0.055 49,873 
13.95 10.56 . 12.25 15.65 
1974, Castana 
0.813** 0.005 0.469* 52,903 
0.474** 0.007** 0.376** 455,167** 
I 0.296** 0.018** 0.808** 390,826** 
1 0.269 0.014* 0.011 399,294** 
2 0.173 0.006 0.212 28,483 
10 0.323** 0.021** 1.007** 462,448** 
1 0.544** 0.005 0.207** 480,514** 
1 14.677** 0.002 0.189 10,695,162** 
2 0.187 0.002 0.125 55,575 
10 0.135 0.003 0.380** 323,715** 
20 0-078 0.002 0.129* 90,675* 
0.080 0.003 0.069 44,810 





























Mean squares from analysis of variance for genetic effects for 
grain yield and yield components for three-way hybrid test 
based on data obtained at individual locations, 1974 

























0. 001 0. 109** 0.003 129,427* 
0. 298** 0. 018 0.466** 312,821** 
0. 172** 0. 036** 1.157** 614,594** 
0. 061* 0. 007* 0.514** 96,402 
0. 035* 0. 066* 0.039 140,879** 
0. 210** 0. 033* 1.445** 761,157** 
0. 348** 0. 007 0.492** 193,940** 
9. 456** 0. 005 4.026** 3,796,252** 
0. 003 0. 019 0.067* 26,370 
0. 178** 0. 012 0.152** 179,911** 
0. 012 0. 010 0.036 37,596 
0. 010 0. 013 0.020 27,296 
8. 83 10. 16 6.75 12.78 
Replications 1 
Entries 46 









0.003 0.000 0.041 33,782 
0.489** 0.004** 0.371** 350,047** 
0.309** 0.009** 1.011** 255,926** 
1 0.740** 0-007** 1.407** 139.370 
2 0.042 0.000 0.283* 93,366 
10 0.319** 0.011** 1.116** 300,094** 
0.560** 0.001 0.120* 391,307** 
1 13.891** 0.007* 1.337** 8,653,706** 
2 0.047 0.000 0.183 8,944 
10 0.251** 0.002 0.064 270,191** 
20 0.099 0.001 0.080 76,982* 
0.062 0.001 0.061 34,618 
18.52 2.42 8.75 15.07 
Significant at the 5% level of probability. 
•r# 
Significant at the 1% level of probability. 
